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Abstract 
The final act of the cell cycle in Saccharomyces cerevisiae is cell separation. Inactivation of 
the transcription factor encoding gene, ACE2, leads to a defect in cell separation. Ace2 plays 
a central role in cell separation by regulating daughter cell specific expression of 
endochitinase (CTS1) and at least 3 putative glucanase encoding genes, DSE2, DSE4 
(ENG1) and SCW11. The products of these genes degrade the tri-laminar septum that holds 
mother and daughter cells together. ACE2, itself, is regulated by the RAM (Regulation of 
Ace2 activity and cellular Morphogenesis) network; inactivation of RAM network proteins 
results in defects in cell separation and mis-localisation of Ace2. 
To define the components of the cell separation machinery in S. cerevisiae, a screen for 
mutants that fail to separate was undertaken. A total of 178 novel cell separation mutants 
were identified; 11 were uncharacterised genes implicated in cell separation, and of these, 6 
were implicated in cell wall integrity, while one was implicated in the MAP kinase pathway. 
Furthermore, ubquitination and glycosylation were implicated to play a role in cell separation.  
The uncharacterised gene, YIR016W, termed Defective in Separation of Daughter and 
Mother Cell 1 (SDM1), was identified to play an important role in cell separation. A yeast-2-
hybrid screen identified 15 novel protein-protein interactions not previously described for 
Sdm1. The uncharacterised gene, YOL036W, was identified to interact with Sdm1, and the 
RAM proteins, Mob2 and Cbk1, in a yeast-2-hybrid screen. Furthermore, Sdm1 and Yol036w 
are paralogues. We propose that Sdm1 and Yol036w are involved in ER to golgi trafficking.  
Data presented here shows that Ace2 appears to be mis-localised in sdm1 cells; we also 
show that there may be a potential budding pattern defect in sdm1 cells. We propose that 
Sdm1 is involved in the regulation of Ace2 localisation to the daughter cell nucleus at the 
end of M/G1, and that Sdm1 is a negative regulator of cell cycle progression at G1/M.  
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Foreword 
Life is a condition that distinguishes organisms from non-living objects, such as dead 
organisms and non-life forms. There is no universal definition that defines an organism as 
being alive, but the conventional and most basic definition states that a life form can exhibit 
seven basic life processes: movement, reproduction, sensitivity, growth, excretion, 
respiration and nutrition. Unsurprisingly, all these seven basic life processes are tightly 
regulated in all organisms and consist of a series of tightly regulated, highly maintained and 
interlinked cycles, which can be broken down further into a series of pathways.  
The following study, aims at exploring and further our understanding a small part of a series 
of events, known as the cell cycle, that takes place in an eukaryotic cell leading to its 
replication - the process of cell separation. Cell separation is the final act of the cell cycle 
whereby the mother cell severs all physical ties with its daughter cell. Not all organisms 
undergo cell separation; cell separation only occurs in those organisms that possess a cell 
wall. 
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Chapter 1: Introduction 
 
Tight regulation and maintenance of the cell cycle in all eukaryotic cells is paramount for 
their cellular function and development; if this carefully regulated cycle is disrupted, it can 
lead to disastrous consequences for the organism such as cancer. The cell cycle has been 
widely studied, but very little is still known about the process of cell separation, the final act 
of the cell cycle. This study aims at elucidating how cell separation is regulated in 
Saccharomyces cerevisiae after a knockout Candida glabrata strain involved in cell 
separation was found to have a hypervirulent phenotype in a mouse model of candidiasis 
(Kamran et al. 2004).  
A brief overview of C. glabrata and candidiasis will be presented here, followed by how our 
interest in Ace2 and cell separation arose. We will present a brief overview of the cell cycle 
and cell separation in S. cerevisiae before discussing what is presently known about Ace2 
and our reasons for opting to explore the mechanisms of cell separation in S. cerevisiae than 
in C. glabrata, where Ace2 was first described as a “virulence moderating factor.”  
 
1.1 Candidiasis and C. glabrata 
In recent years, invasive mycoses has fast become a significant public health risk as major 
advances in healthcare have led to increased life expectancy, but as a consequence an 
increased population is placed at risk to opportunistic pathogens. The acquired immune 
deficiency syndrome (AIDS) pandemic is partially responsible, but patients undergoing more 
intensive treatment for surgery, such as cancer, transplant patients, more aggressive 
therapeutic treatments, and invasive monitoring are also responsible, and have led to a large 
immune-compromised population (Fridkin et al. 1996; Ellis et al. 2000; Hobson 2003; 
Richardson 2005). For many years fungi were believed to be clinically insignificant, a major 
review by McGowan of aetiology of nosocomial bloodstream infections (BSI) between 1935 
and 1983 showed that fungi were unrepresented until 1953 (McGowan 1985; Hobson 2003). 
Now, although the incidence of infections caused by many pathogens have also increased, it 
appears the incidence of nosocomial fungal infections has increased proportionally more, 
and studies suggest mortality among infected patients may be in excess of 90% (Hobson 
2003; Richardson 2005). Most frequently encountered infections are those caused by the 
filamentous fungus Aspergillus and the yeasts: Cryptococcus neoformans and Candida 
albicans; Candida species are the fourth most common cause of bloodstream infections in 
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the USA, of which C. albicans is the most common aetiological agent (Fridkin et al. 1996; 
Hobson 2003; Richardson 2005; Shao et al. 2007; Caggiano et al. 2008).   
Candida species cause a wide spectrum of infection ranging from superficial candidiasis of 
the mucosal surfaces and skin, e.g. thrush, to more serious, life threatening infections, e.g. 
invasive candidiasis; and although they have become a common human pathogen, relatively 
few of the Candida species have been isolated from humans (Fridkin et al. 1996). Over 95% 
of the BSI associated with Candida species are caused by 5 major species: Candida 
albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis and Candida krusei 
(Fridkin et al. 1996; Hobson 2003; Richardson 2005; Shao et al. 2007). Concern is arising as 
non-albican Candida (NAC) species are increasingly emerging as pathogens since the 90s 
and although both C. tropicalis and C. glabrata show a lower virulence profile than C. 
albicans in animal models, these results cannot be extrapolated as they are associated with 
a higher level of mortality than C. albicans (Krcmery et al. 2002).  
Concern has risen over the increased incidence of C. glabrata infections; data from the 
1989-1999 National Nosocomial Infections Surveillance (NNIS) study, the USA study from 
1987-1992 and the Dutch study from 1987- 1995, indicated that C. glabrata had overtaken 
C. tropicalis as the second most common cause of BSI due to Candida species (Hobson 
2003). However, a study in a hospital in Italy from 1998-2004 revealed that C. parapsilosis 
was the second most common cause of candidiasis, followed by C. glabrata (Caggiano et al. 
2008). A semi-national study that consisted of collecting fungal blood isolates from 8 major 
Danish departments of clinical microbiology serving 13 university and 28 district hospitals in 
Denmark, a total of 64.5% of the Danish population, between 2004-2006 ranked C. glabrata 
in second (Arendrup et al. 2008), as did a more recent study of Candida species profile in 
Scotland by Odds et al., 2007 (Odds et al. 2007). The differences in these three relatively 
recent studies can be attributed to the range of patients and geographical groups studied. C. 
parapsilosis is predominantly found in younger patients (premature infants) and those with 
vascular catheters whereas C. glabrata is predominantly found in the elderly, those with 
tumours and those undergoing surgery (Pfaller et al. 2002; Hobson 2003; Tortorano et al. 
2004; Filioti et al. 2007; Shao et al. 2007). 
The increased incidence of C. glabrata may partly be attributed to a world experiencing an 
increased life expectancy but also to strains displaying an inherent or dose-dependent 
resistance to Fluconazole, intermediate resistance to all Azoles, and a few isolates have also 
been shown to be resistant to Amphotericin B - the standard treatment for C. glabrata 
(Vazquez et al. 1999; Krcmery et al. 2002; Pfaller et al. 2002; Enoch et al. 2006; Arendrup et 
al. 2008). Furthermore, little is known about the mode of virulence within C. glabrata, and 
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with the increase in incidence over the last couple of years coupled with its lack of 
susceptibility to some of the current anti-fungal treatments on the market, further research 
needs to be done on C. glabrata. 
 
1.1.1 A Gene to Moderate Virulence in C. glabrata? 
In 2004 Kamran et al. (Kamran et al. 2004) published work whereby signature tagged 
mutagenesis (STM) on C. glabrata was performed in order to identify genes that affected 
virulence. During their screening of a 9,600 member signature tag library of insertional 
mutants, a strain that appeared to have an increased ability to cause virulence was found 
(Kamran et al. 2004). The increase in virulence seen in this strain was shown to be due to an 
inactivated allele of the C. glabrata ACE2 gene (Kamran et al. 2004). The infectious dose 
required to obtain 100% mortality in a murine model of candidiasis was 200-fold lower than 
in wild-type cells (Kamran et al. 2004; Kaur et al. 2005). C. glabrata ace2 cells were found to 
have a cell separation defective phenotype, see Figure 1.1.  
 
 
 
 
 
 
Figure 1.1: DIC images of C. glabrata HSL122 ace2 cells (A) and C. glabrata ATCC 2001 cells (B) 
grown overnight at 37
o
C, 180rpm; C. glabrata HSL122 ace2 have a cell separation defective 
phenotype. Scale bar represents 10 µm.  
 
Although the resultant mutant grew into a mass of aggregated cells, the increase in virulence 
was shown to be unrelated to the aggregation of the strain and the resulting vascular 
occlusion caused (Kamran et al. 2004; Kaur et al. 2005). This was also shown by 
MacCallum et al. in 2006, where ace2 strains of C. glabrata, C. albicans and 
Saccharomyces cerevisiae – all these strains have a cell separation defect and are 
aggregated - were tested in a mouse model of disseminated yeast infection (MacCallum et 
al. 2006). The C. glabrata ace2 strain was hypervirulent, while the C. albicans and S. 
cerevisiae ace2 strains were avirulent when compared to their respective parental controls 
(Kelly et al. 2004; MacCallum et al. 2006). When these strains were challenged in 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 1 - Introduction 
 
28 
 
immunologically intact mice, the C. glabrata ace2 hypervirulence phenotype was not seen 
(MacCallum et al. 2006). 
Infection by C. glabrata ace2 cells was accompanied by an increase in pro-inflammatory 
molecules e.g. Tumour Necrosis Factor α (TNFα) and Interleukin-6 (IL6) (Kamran et al. 
2004; Kaur et al. 2005). ACE2 was the first virulence moderating gene to be described for 
Candida species, a novel and exciting aspect of host-pathogen interaction, whereby 
inactivated genes caused an enhanced ability of the organism to cause severe disease or 
even mortality compared to the wild-type (Kamran et al. 2004).  
Despite the difference in their virulence profile, C. glabrata ace2 is hypervirulent and S. 
cerevisiae ace2 is avirulent compared to the parental (MacCallum et al. 2006), C. glabrata 
ACE2 is a functional homologue of S. cerevisiae ACE2 (Findon et al., unpublished data). 
Findon et al. showed that the cell separation defect seen in a C. glabrata ace2 strain could 
be rescued by a plasmid containing S. cerevisiae ACE2, while a S. cerevisiae ace2 strain 
was partially complemented by a plasmid containing C. glabrata ACE2 (Findon et al., 
unpublished data). However, S. cerevisiae ace2 cells have a less severe cell separation 
defect than seen in C. glabrata, see Figure 1.2.  
 
 
 
 
 
 
Figure 1.2: DIC images of C. glabrata HSL122 ace2 cells grown overnight at 37
o
C, 180rpm, (A)  and 
S. cerevisiae ace2 cells grown overnight at 30
o
C, 180rpm (B); both ace2 cells have a cell separation 
defect, although this is less severe in S. cerevisiae, leading to smaller clumps of cells than compared 
to C. glabrata. Scale bar represents 10 µm. 
 
It has been shown that deletion of ACE2 in both C. glabrata and S. cerevisiae causes a cell 
separation defect. It is likely that Ace2 plays a key role in cell separation and defects in 
signalling pathways up and downstream of Ace2 would elucidate more about the 
components of the cell separation machinery.  
A brief overview of the cell cycle and cell separation in S. cerevisiae will now be presented in 
the following sections.  
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1.2 The Cell Cycle of S. cerevisiae 
A tightly regulated cell cycle is integral to many organisms. In S. cerevisiae it has been 
estimated that the expression of around 800 transcripts are synchronised with the cell cycle, 
although many of the encoded proteins are not linked to cell cycle functions (Koch et al. 
1994; Spellman et al. 1998; Simon et al. 2001) (Wittenberg et al. 2005; Niu et al. 2008). The 
cell cycle can be divided into four distinct phases; M (mitosis and cell division takes place 
during this phase), G1 (longest part of the cell cycle and START is initiated during this 
phase), S (only period in eukaryotes during which DNA synthesis takes place) and G2 
(period which the cell prepares for mitosis) and at least four different classes of cell cycle 
regulated genes exist in yeast (Koch et al. 1994). During late G1, G1 cyclins and DNA 
synthesis genes are expressed, and histone genes are activated in S phase (Koch et al. 
1994). Genes required for transcription factors, cell cycle regulation and replication initiation 
are activated in G2 while genes required for cell separation are activated as cells enter G1
 
(Koch et al. 1994).  
Within S. cerevisiae three sets of transcription factors have been identified as regulating the 
transcription of genes whose expression is cell cycle dependent, thus allowing cell cycle 
progression to occur in a tightly regulated manner (Koch et al. 1994; Simon et al. 2001; 
Breeden 2003). MBF, a complex that consists of Mbp1 and Swi6, and SBF, a complex 
composed of Swi4 and Swi6, regulate the expression of late G1 genes (Koch et al. 1994; 
Simon et al. 2001; Breeden 2003) (Wittenberg et al. 2005; de Bruin et al. 2006; Ashe et al. 
2008). The transcription of G2/M genes is regulated by Mcm1 with either Fkh1 or Fkh2 
recruiting Ndd1 in late G2. However, in the absence of Mcm1 it has been shown that 
Fkh1/Fkh2 are able to bind to the promoters of G1/S phase specific genes, while Mcm1 can 
activate the expression of M/G1 phase genes independently of Fhk1/Fhk2 (Althoefer et al. 
1995; Kumar et al. 2000; Simon et al. 2001; Breeden 2003). This indicates that at different 
stages of the cell cycle, transcription factors can activate the expression of phase specific 
genes by altering their own transcriptional cooperativity, thus adding a further level of 
complexity to cell cycle regulation (Simon et al. 2001). Ace2 and the very closely related 
transcription factor Swi5 regulate the transcription of genes towards the end of M and early 
G1. All the transcription factors function in a serial way so that those expressed at a given 
stage in the cell cycle activate the expression of those needed for the next phase (Simon et 
al. 2001). 
Based on genome wide binding data the following model has been proposed; SBF and MBF 
both activate in late G1 and regulate the expression of NDD1 (Simon et al. 2001). The 
activation of G2/M phase genes is dependent on Mcm1 and Fkh2 in recruiting Ndd1 and 
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forming a complex to regulate the expression of Ace2 and Swi5 (Simon et al. 2001) (Darieva 
et al. 2006). Though Darieva et al., 2006, have shown that phosphorylation of Ndd1 by 
Cdc5, a polo kinase implicated in several processes related to mitosis, is vital for the 
recruitment of Ndd1 to the CLB2 cluster promoters for activation and expression of G2/M 
genes (Darieva et al. 2006). cdc5 cells display a defect in cytokinesis and septum formation 
that is seen in cells where Ndd1 is mutated so it cannot be phosphorylated by Cdc5, and 
thereby unable to localise to the CLB2 cluster to activate gene expression (Darieva et al. 
2006). 
The M/G1 genes are regulated by Mcm1, Swi5 and Ace2 and in addition, Mcm1 contributes 
to the activation of Swi4 in G1 and the three M/G1 transcription factors regulate the 
expression of CLN3 (Simon et al. 2001). Cln3 forms a complex with Cdc28, and this complex 
is the primary activator of SBF and MBF in late G1, thus continuing the cycle (Simon et al. 
2001; Wittenberg et al. 2005; de Bruin et al. 2006; Ashe et al. 2008), see Figure 1.3. 
 
 
Figure 1.3: Model showing the transcription regulators for the activation of phase specific genes throughout the 
cell cycle based on genome wide binding data (Simon et al. 2001).  MBF, Swi6 and Mbp1, and SBF, Swi6 and 
Swi4, activate the expression of late G1 genes and the expression of NDD1. Ndd1 forms a complex with Fkh2 
and Mcm1 and activates expression of M/G1 phase genes and also CLN3. Cln3 associates with Cdc28 to 
activate expression of SBF and MBF in late G1 in association with Mcm1. Mcm1 also activates the expression of 
CLN3 and SWI4; the cell cycle is repeated (Simon et al. 2001). The red arrows represent activation of the 
transcription factor by a transcription factor, while the green arrows represent post transcriptional regulation. The 
yeast cell morphology for each stage is depicted in yellow. The above figure was adapted from Simon et al. , 
2001(Simon et al. 2001).  
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The oscillations in activity of Cdc28-cyclin complexes control the transition between stages 
of the cell cycle (Simon et al. 2001; Wittenberg et al. 2005). For phase entry, cyclin synthesis 
is required and for phase exit, cyclin dependent kinase (CDK)-cyclin inhibition/degradation is 
required (Simon et al. 2001). As well as regulating the genes whose products set the stage 
for further progression through the cell cycle, the transcriptional regulators regulate genes 
required for the transition between phases and stage specific cell cycle functions. SBF and 
MBF regulate the transcription of the G1 and S cyclins; Cln1, Cln2, Clb5, Clb6, which 
associate with Cdc28 in late G1 (Koch et al. 1994). SBF also regulates CLB1 and CLB2 in 
G2/M and Clb2 inhibits further expression of the G1/S cyclins Cln1 and Cln2 and promotes 
entry into mitosis by inhibiting SBF expression (Surana et al. 1991; Amon et al. 1993; Iyer et 
al. 2001) (Wittenberg et al. 2005; de Bruin et al. 2006). In addition, SBF and MBF regulate 
the expression of NDD1 which also regulates the expression of CLB2 (Simon et al. 2001; 
Darieva et al. 2006). SBF regulates the transcription of genes involved in cell budding and 
several histone genes, while MBF regulated genes involved in DNA replication and repair 
(Iyer et al. 2001; Simon et al. 2001; Wittenberg et al. 2005). Furthermore, de Bruin et al., 
2006, have shown that activation of MBF by Cln3-Cdc28 activates the transcription of 
NRM1; Nrm1 is a transcriptional repressor of MBF and its accumulation in the cell enables it 
to bind to MBF at its target promoters and repress transcription so enabling cell cycle 
progression (de Bruin et al. 2006; Ashe et al. 2008). Thus MBF target genes are controlled 
by an autoregulatory mechanism as cells exit G1. Recently, Ashe et al., 2008, have identified 
Msa1 that associates with SBF and MBF to co-ordinate the proper timing of G1- specific 
transcription, it is likely that there are many factors that play subtle roles in regulating MBF 
and SBF expression remain to be discovered (Ashe et al. 2008). 
The G2/M activators (Mcm1/Ndd1/ Fkh2) bind the expression of genes that are necessary for 
entry into (CLB2) and exit from mitosis (CDC20) (Simon et al. 2001) (Darieva et al. 2006). 
Clb2 is necessary for entry into mitosis and is activated by Ndd1 via Ndd1’s regulation by 
SBF and MBF, and its phosphorylation by Cdc5 (Surana et al. 1991; Simon et al. 2001; 
Darieva et al. 2006). Cdc20 is an activator of the anaphase promoting complex (APC); and 
APC targets the degradation of Psd1, initiating chromosome segregation (Visintin et al. 
1997), and Clb5, enabling Cdc14 to activate Sic1 which degrades Clb2 (Visintin et al. 1998; 
Shirayama et al. 1999). Spo12, involved in mitotic exit, is also activated at this stage by the 
G2/M activators (Grether et al. 1999). 
The M/G1 regulators (Swi5, Ace2 and Mcm1) regulate the genes that are key to entering and 
progressing through G1. All 3 activate the expression of CLN3, in addition, Swi5 activates the 
expression of SIC1 and Mcm1 activates the expression of FAR1 (Toyn et al. 1997; 
Mendenhall et al. 1998). Sic1 and Far1 inhibit the substrate active site on Cdc28, inhibiting 
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Cdc28-substrate activity and thereby facilitating exit from mitosis (Toyn et al. 1997; 
Mendenhall et al. 1998). Cln3 forms a complex with Cdc28 and activates the expression of 
MBF and SBF during late G1 setting the scene for another cycle to begin. The Cln3-Cdc28 
complex activates the SBF complex by inhibiting the action of Whi5, a transcriptional 
repressor of SBF-dependent transcription during early G1, by phosphorylation of Whi5 
(Wittenberg et al. 2005; de Bruin et al. 2006). During this period, Ace2 and Swi5 regulate the 
activation of genes involved in cytokinesis, while Mcm1 regulates those genes involved in 
pre-replication complex formation and mating, see Figure 1.4 for a summary. 
 
Figure 1.4: Model of the transcriptional regulation of cyclin and cyclin/CDK regulators by the cell 
transcription factors. The cyclins are represented by the grey ovals while the cyclin/CDK regulators 
are represented by the red rectangles. Each set of transcription factor regulates cell cycle regulators 
needed for progression through the cell cycle. The yeast cell morphology for each stage is depicted in 
yellow. This figure was adapted from Simon et al.,2001 (Simon et al. 2001). 
 
Despite each of the 9 cell cycle transcription factors binding to critical cell cycle genes, only 
MCM1 and NDD1 are essential for yeast viability (Mendenhall et al. 1998; Breeden 2000). 
This can be explained by the redundancy in the system; Mbp1 and Swi4 share 34% of their 
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target genes, Fkh1 and Fkh2 share 22%, and Ace2 and Swi5 share 25% (Simon et al. 
2001). However, this redundancy does not apply to all the regulated genes, and each 
member can still be responsible for regulating a distinct function in the wild-type as well as a 
partial recovery for some defects in a knockout strain (Simon et al. 2001). 
For cells to undergo division, START, a tightly regulated checkpoint determining whether 
conditions are appropriate for division or not e.g. nutrient sufficiency, attainment of growth of 
the cell to a critical size and attainment of a critical transition rate are but a few factors, must 
first be initiated (Bogomolnaya et al. 2004; Jorgensen et al. 2004). Once the daughter cell 
reaches the critical size, cell division takes place (Bogomolnaya et al. 2004; Jorgensen et al. 
2004).  
 
1.2.1 FEAR and MEN Regulate the End of Mitosis 
In most eukaryotes the final act of the cell cycle is cytokinesis, the process whereby the 
mother cell divides its cytoplasm and membranes after segregation of genetic material 
producing two independent cells (Tolliday et al. 2001). In order for cytokinesis to proceed, 
the FEAR (Cdc Fourteen Early Anaphase Release) and MEN (Mitotic Exit Network) 
networks need to be activated first, so ensuring this only occurs after sister-chromatid 
separation is initiated and the genetic material has been segregated between mother and 
daughter cell (Bardin et al. 2001; Stegmeier et al. 2004; Torres-Rosell et al. 2005).  
Exit from mitosis requires the inactivation of mitotic CDKs and in S. cerevisiae Cdc14, a 
protein phosphatase, is essential for the inactivation of mitotic CDKs, and does so by 
reversing the CDK phosphorylation events. Cdc14 dephosphorylates Sic1 and its 
transcription factor, Swi5, leading to Sic1’s stabilisation and upregulation of SIC1 
transcription resulting in accumulation of Sic1 and degradation of Clb2 (Moll et al. 1991; 
Toyn et al. 1997; Visintin et al. 1998) (Torres-Rosell et al. 2005). Cdc14 also 
dephosphorylates Cdh1/Hct1 activating APC leading to chromosome segregation (Visintin et 
al. 1998; Zachariae et al. 1998; Torres-Rosell et al. 2005).  
Cdc14 activity is regulated by its association with its competitive inhibitor, Cfi1/Net1 (Visintin 
et al. 1999; Traverso et al. 2001) and Cdc14’s release from its inhibitor is controlled by the 
FEAR (during early anaphase) and MEN (during late anaphase) networks (Torres-Rosell et 
al. 2005).  The FEAR network has so far being identified to comprise of Esp1- a separase, 
Cdc5 – a polo-like kinase, Slk19 – a kinetochore protein, Spo12 – small nuclear protein, 
Bns1 – a homologue of Spo12, and Fob1 – a replication fork block protein (Pereira et al. 
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2002; Stegmeier et al. 2002; Yoshida et al. 2002; Visintin et al. 2003; Stegmeier et al. 2004) 
(Torres-Rosell et al. 2005). Although little is known about how the FEAR components 
interact with each other, it is believed that Cdc5 may be a principal effector within the 
network but this is complicated by its action within MEN, however, Cdc5 overexpression 
suppresses the Cdc14 release defect seen in cells defective in the ESP1 and SPO12 branch 
(Visintin et al. 2003). It has also recently been shown that separase promotes Cdc14 
activation by preventing the actions of the phosphatase, PP2A, so tilting the balance towards 
Net1 phosphorylation and release of Cdc14 from Net1 (Queralt et al. 2006). 
In addition to triggering the release of Cdc14, the FEAR network triggers the activation of 
various processes which are needed for the completion of anaphase: segregation of 
ribosomal DNA, positioning of the nucleus and stabilisation of the anaphase spindle 
(D'Amours et al. 2004; Ross et al. 2004; Sullivan et al. 2004; Higuchi et al. 2005). However, 
MEN activation of Cdc14 is required for complete activation, in the absence of MEN activity, 
normal anaphase is seen with a rise in Cdc14 levels in early anaphase but Cdc14 activity 
declines and leads to arrest at the end of anaphase (Stegmeier et al. 2002). 
The  MEN network is comprised of Tem1 – a GTPase, Lte1 – a putative guanine nucleotide 
exchange factor (GEF), Bub2-Bfa1/Byr4 – a two component GTPase activating protein 
(GAP), Nud1 – a scaffold protein, Mob1 – a Dbf2 associated factor, and the protein kinases 
Cdc5, Cdc15 and Dbf2 (Stegmeier et al. 2004; Sullivan et al. 2007). It is thought that Lte1 
positively regulates Tem1 while Bub2-Bfa1/Byr4 negatively regulate Tem1 (Jaspersen et al. 
1998; Stegmeier et al. 2004; Sullivan et al. 2007), and Cdc5 inhibits the action of Bub2-
Bfa1/Byr4 on Tem1 by phosphorylation of Bub2-Bfa1 so inactivating its GAP activity (Hu et 
al. 2001). The activated Tem1 (GTP-bound form) is believed to activate Cdc15 which 
activates the Dbf2-Mob1 complex and stimulates Cdc14 activity, in addition, Cdc14 regulates 
its own activity by dephosphorylating and thereby activating Cdc15 (Jaspersen et al. 2000; 
Stegmeier et al. 2004; Sullivan et al. 2007). Although it is not known how MEN promotes 
Cdc14 activity, it is possible that MEN may allow Cdc14 access to act on a greater number 
of targets because when bound to its inhibitor it is confined to the nucleolus (Shou et al. 
1999; Visintin et al. 1999). See Figure 1.5 for a summary of Cdc14 regulation by the FEAR 
and MEN networks.  
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Figure 1.5: Overview of Cdc14 regulation by the FEAR and MEN networks.  Red lines indicate 
regulation by inhibition of a substrate. Figure was adapted from Sullivan et al., 2007 (Sullivan et al. 
2007). 
 
1.2.2 Cytokinesis 
For most organisms, the last event in the cell division cycle is cytokinesis, and is likely to 
occur via the contraction of a cortical actomyosin ring consisting of type II Myosin and F-
actin and must be co-ordinated with membrane deposition at the cleavage site to ensure 
successful cytokinesis and cell separation (Luo et al. 2004). In S. cerevisiae, cytokinesis can 
be split into 3 steps; selection of a division site, correct assembly of protein complexes 
required for cytokinesis and dynamic events leading to the constriction of the contractile ring 
and septum construction, see Figure 1.6 for a summary of the localisation of major neck 
proteins required for cytokinesis as the cell progresses through one cell division cycle 
(Walther et al. 2003).  
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Figure 1.6: Summary of the sequential assembly of various proteins to the bud neck over the cell 
division cycle, figure adapted from Yeong, 2005 (Yeong 2005). 
 
In S. cerevisiae, contrary to Schizosaccharomyces pombe and animal cells, the plane of 
division is chosen at the beginning of the cell cycle prior to spindle pole body (SPB) 
duplication (Balasubramanian et al. 2004; Corbett et al. 2006; Moseley et al. 2006). S. 
cerevisiae can bud in two distinct patterns depending on their mating type; in MATa/α 
haploid cells the next bud always occurs axial (adjacent to immediately preceding bud site) 
and in diploid cells the new bud emerges bipolar (at either pole with similar frequency) 
(Casamayor et al. 2002; Balasubramanian et al. 2004). It is thought that axial specific (Bud3, 
Bud4, Axl1, Axl2) and bipolar specific (for example: Bud8, Bud9) landmarks are produced in 
the prior cell cycle and mark the cortical site for bud emergence (Chant 1999; Harkins et al. 
2001; Casamayor et al. 2002; Lord et al. 2002; Krappmann et al. 2007), the landmarks are 
then recognised by the general bud site selection machinery comprising of a GTPase 
module that includes the Ras-related small GTPase Rsr1/Bud1, the GEF Bud5 and the GAP 
Bud2 (Bender et al. 1989; Chant et al. 1991; Park et al. 1993; Park et al. 1999; Krappmann 
et al. 2007). The Rsr1 GTPase module interacts with the polarity establishment machinery, 
the Cdc42 GTPase module; and Cdc42 functions through its effectors to organise the actin 
cytoskeleton to control polarised growth and regulates septin ring assembly to control 
cytokinesis (Guertin et al. 2002; Glotzer 2003; Walther et al. 2003; Balasubramanian et al. 
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2004). In addition, the septin ring plays a role in the positioning of the axial and bipolar 
landmarks for bud site selection. It is probable that the septin ring and the markers position 
each other in a cyclic fashion (Chant 1999). It is unclear how significant the specific budding 
patterns are and deletion of any of the bud-site selection genes, including RSR1, does not 
cause a significant cytokinesis defect (Guertin et al. 2002; Glotzer 2003; Walther et al. 2003; 
Balasubramanian et al. 2004). However, the Cdc42 GTPase module is vital for cell 
polarisation and thereby cytokinesis, in the absence of the bud site selection machinery 
Cdc42 is localised at a single random site through a feedback loop involving Bem1 (Butty et 
al. 2002; Irazoqui et al. 2003).  
The next stage in cytokinesis is assembly of the actomyosin contractile ring; in late G1 the 
Cdc42 GTPase module initiates the assembly of a ring structure at the site of the next bud 
emergence (Walther et al. 2003; Balasubramanian et al. 2004). The first layer to arrive are 
from the septin family (GTP binding and filament forming family): Cdc3, Cdc10, Cdc11, 
Cdc12 and Sep7 (Sanders et al. 1994; Gladfelter et al. 2001; Corbett et al. 2006; Moseley et 
al. 2006). The septins are essential and remain at the mother-bud neck until after 
cytokinesis; a disruption of the septins at the bud neck is lethal to the cell, and results in the 
failure of the formation of the actomysin ring and a block in cytokinesis (Bi et al. 1998; 
Lippincott et al. 1998; Roh et al. 2002) (Lee et al. 2002; Ko et al. 2007). It is thought that the 
septin ring serves as a scaffold for further protein assembly as both the type II myosin Myo1 
and the septum forming enzyme Chs2 fail to localise to the bud neck in septin mutants (Bi et 
al. 1998; Lippincott et al. 1998; Roh et al. 2002), although the septins themselves are 
dependent on kinases such as Gin4, Cla4 and Elm1 for their assembly at the bud neck 
(Longtine et al. 2003; Yeong 2005). In addition, the septin ring may serve as a rigid 
backbone that stabilises the bud neck, as a barrier to maintain exocytosis and other factors 
directed at the daughter, and a role in the positioning of the spindle in the mother-daughter 
cell axis (Walther et al. 2003) (Dobbelaere et al. 2004). One of the main challenges for this 
area is to elucidate the actomyosin-ring-independent roles of the septins in cytokinesis for S. 
cerevisiae as the actomysin ring is dispensable for cytokinesis in other cell types, for 
example in mammalian cells and  Dictyostelium discoideum (Nagasaki et al. 2002; Kanada 
et al. 2005; Ko et al. 2007).    
Dobbelaere and Barral, 2004, showed through a series of experiments that septin rings 
located to both sides of the actomyosin ring during cytokinesis and that the actomyosin ring 
was stabile when the septin ring was disrupted (Dobbelaere et al. 2004). However, the 
actomyosin ring was found to contract slower and, in some cases, failed to disassemble in 
the presence of a disrupted septin ring (Dobbelaere et al. 2004). Furthermore, they showed 
that the septin rings were required for abscission when the actomyosin ring contracted and 
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that the exocyst played a role in cytokinesis; a mutant sec3 strain, Sec3 is a component of 
the exocyst, showed slow actomyosin ring contraction and some cells failed to complete 
cytokinesis when the septin rings were disrupted (Dobbelaere et al. 2004). It is likely that a 
function of the septin rings is to act as a barrier and prevents diffusible factors such as the 
exocyst from leaving the cleavage site (Dobbelaere et al. 2004). 
More recently, Nam et al.,2007, have shown that the phosphorylated form of Bni5, a protein 
required to maintain the stability of the septin ring and regulation of cytokinesis (Lee et al. 
2002; Nam et al. 2007), interacts with the septins, Cdc11 and Cdc12, while the de-
phosphorylated Bni5 does not interact with the septins, indicating a way that septin ring 
stability and cytokinesis is regulated by Bni5 since a phosphorylation deficient bni5 strain 
resulted in a defective septin ring and connected cell morphology (Nam et al. 2007). 
The arrival of the septins are followed by Myo1 and its regulatory chain, Mlc2, and the formin 
Bnr1; while Myo1 is required for actin ring formation at the presumptive budding site in late 
G1, Mlc2 is not and plays a minor role in Myo1 ring disassembly at the end of actomysin ring 
contraction as deletion of MLC2 results in a mild but consistent defect in disassembly of the 
Myo1 ring at the end of its contraction (Luo et al. 2004) (Ko et al. 2007). Mlc2 co-localises 
with Myo1 at the bud neck and requires Myo1 for its localisation (Luo et al. 2004; Moseley et 
al. 2006). Bnr1 is a formin and regulates the polymerisation of actin cables at the bud neck 
to enable actomyosin ring assembly and is far more potent than the other yeast formin, Bni1, 
in stimulating actin filaments (Tolliday et al. 2002; Dong et al. 2003; Yoshida et al. 2006; 
Buttery et al. 2007). In addition, Bnr1 can bundle actin filaments together, while Bni1 cannot 
(Buttery et al. 2007). The formins are essential for actin ring assembly, although, Bnr1 is not 
essential for the Myo1-dependent cytokinesis pathway (Tolliday et al. 2002; Yoshida et al. 
2006; Buttery et al. 2007). The formin-dependent actin ring assembly pathway is regulated 
by the Rho-type GTPase Rho1, which itself is likely to be regulated by the polo-like kinase 
Cdc5 to promote cytokinesis (Tolliday et al. 2002; Yoshida et al. 2006). 
During S phase, unlike the regulatory light chain Mlc2, Mlc1, the myosin II essential light 
chain is recruited to the bud neck independently of Myo1(Shannon et al. 2000; Moseley et al. 
2006) (Walther et al. 2003; Balasubramanian et al. 2004). In contrast to MLC2, MCL1 is 
essential for cytokinesis and cell viability, but since myo1 cells are viable and can undergo 
cytokinesis, Mcl1 must play additional functions from its role in regulating Myo1 during 
cytokinesis (Bi 2001; Luo et al. 2004; Moseley et al. 2006). In addition to its interaction with 
Myo1, Mlc1 also interacts with Myo2 and Iqg1/Cyk1 at the bud neck; its interaction with 
Myo2 regulates the targeting of vesicles to fill the bud neck, a key step in septum formation, 
while its interaction with Iqg1 is essential for Iqg1’s localisation and function in assembling 
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the cytokinetic ring and Iqg1’s possible role in septum formation (Iqg1/Cyk1 is only localised 
to the bud neck during anaphase) (Stevens et al. 1998; Shannon et al. 1999; Shannon et al. 
2000; Wagner et al. 2002; Moseley et al. 2006). In addition, Valouev et al., 2004, have 
shown that Mlc1 interacts with the translation termination factor eRF1, and mutations in 
SUP45, which encodes eRF1, leads to cytokinesis arrest and the absence of Mlc1 from the 
bud neck and tip, implying that localisation of Mlc1 is partially regulated by eRF1 (Valouev et 
al. 2004). 
During G2/M, Hof1/Cyk2 is recruited to the bud neck, and Hof1 is believed to play a role in 
septum formation since deletion of HOF1 leads to defects in septum formation and ring 
contraction (Lippincott et al. 1998; Vallen et al. 2000; Moseley et al. 2006). Hof1’s 
localisation to the bud neck is septin dependent, but Hof1 has no affect upon septin 
localisation or its structure at the bud neck (Vallen et al. 2000; Corbett et al. 2006). Hof1 
forms a double ring at the bud neck that coalesces prior to actin ring contraction to form a 
single ring that coincides with the contractile ring (Corbett et al. 2006) (Kamei et al. 1998; 
Vallen et al. 2000). Hof1 has an inhibitory affect upon cytokinesis, phosphorylation of Hof1, 
which occurs in a cell-cycle dependent manner, targets it for SCFGRR1-mediated proteolysis 
and thus removes its inhibitory affect on cytokinesis (Blondel et al. 2005; Ren et al. 2005; 
Corbett et al. 2006). Hof1 has also been shown to interact with Bnr1, suggesting that Hof1 
may also play a role in regulating cable assembly at the bud neck (Moseley et al. 2006). 
Prior to localising to the bud site, Bni1 is localised to the bud tip where it is involved in 
assembling actin cables at the bud tip while Bnr1 assembles actin cables at the bud neck 
thereby producing two sets of cables that together target secretion to the bud tip (Ozaki-
Kuroda et al. 2001; Moseley et al. 2006). However, during anaphase Bni1 is recruited to the 
bud neck along with other components such as Spa2 and Bud6, and this series of events 
redirects secretion to the bud neck; new plasma membrane and cell wall materials required 
for cell division are targeted to the bud neck via the assembled actin cables (Walther et al. 
2003; Balasubramanian et al. 2004; Moseley et al. 2006).  
Iqg1 and Cyk3 are also recruited to the bud neck in a septin-dependent manner during 
anaphase (Yeong 2005; Moseley et al. 2006).  Iqg1 is the only member of the IQGAP family 
in S. cerevisiae and is essential for both actomyosin ring formation and cytokinesis (Brown et 
al. 2006; Corbett et al. 2006; Ko et al. 2007). Since the actomyosin ring itself is dispensable 
for cytokinesis, Iqg1 has at least one function in cytokinesis that is actomyosin ring 
independent (Corbett et al. 2006; Ko et al. 2007). Iqg1 is believed to play a central role in 
contractile ring function by acting as a platform for co-ordination of actin ring assembly and 
contraction, although conflicting reports have been reported involving iqg1 strains (Corbett et 
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al. 2006; Wright et al. 2008). Osman et al., 2002, reported that in an iqg1 null mutant strain 
septin organisation was depleted; however, Lippincott et al., 2001, reported that a strain 
depleted of Iqg1 displayed an unaltered septin structure and behaviour (Lippincott et al. 
2001; Osman et al. 2002). Boyne et al., 2000, have also shown that a temperature sensitive 
mutation that maps to a single IQ domain within Iqg1 fails to recruit actin to the contractile 
ring so preventing cytokinesis, septum formation and cell separation (Boyne et al. 2000).  
Furthermore, Ko et al., 2007, identified Iqg1 as an APC substrate, APC is an essential multi-
subunit ubiquitin ligase that targets specific cell cycle related proteins for degradation and 
regulates late mitotic events (Ko et al. 2007). Ko et al., 2007, showed that mutations in 
genes encoding for non-essential subunits of the APC complex led to suppression of the 
lethal myo1 phenotype in W303 strains and the slow growth and delayed cell separation 
phenotype in myo1 cells in SC288 strains, and this was due to an increase in Iqg1 within the 
cells (Ko et al. 2007). An iqg1 strain that lacked the APC recognition sequence for 
degradation was also able to suppress the myo1 phenotypes even when expressed at low 
levels (Ko et al. 2007).  This indicates that actomyosin ring independent cytokinesis may be 
promoted by APC not degrading Iqg1 leading to an accumulation in the levels of Iqg1 within 
the cell; the accumulated Iqg1 and Cyk3 then activate actomyosin ring independent 
cytokinesis (Ko et al. 2007). Cyk3’s precise function is unknown but Cyk3 overexpression 
suppresses the iqg1Δ lethality without restoring the actomyosin ring indicating that Cyk3 is 
likely to act downstream of Iqg1 and promotes cytokinesis via an actomyosin ring 
independent pathway (Korinek et al. 2000). Thus, a functional actomyosin ring is only formed 
in late anaphase despite the arrival of some of the components at the bud neck earlier in the 
cell cycle.  
In S. cerevisiae the actomyosin ring is not strictly essential, deletion of the only type II 
myosin, Myo1, does not result in lethality or prevent cytokinesis, but results in abnormal 
septum formation, inefficient cytokinesis and aberrant cell separation (Walther et al. 2003; 
Balasubramanian et al. 2004). This implies that there may be an alternative pathway for 
cytokinesis and this is supported by studies whereby overexpression of either Hof1 or Cyk3 
bypasses the requirement of Iqg1, essential for actin ring formation, in cell viability and 
cytokinesis without restoration of the actin ring (Korinek et al. 2000). These cells appear to 
divide by the formation of a septum and it’s possible that Hof1 and Cyk3 co-ordinate the 
functions of the actomyosin ring with the septum (Korinek et al. 2000). In addition, Wright et 
al., 2008, have also recently shown that an increase in Bsp1 expression, a component of 
actin patches, bypasses the requirement for contractile ring function (Wright et al. 2008). 
Bsp1 is not strictly required for either actin ring assembly or contraction, and is believed to 
act as an accessory factor to coordinate contraction and reorganisation of the actin 
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cytoskeleton (Wright et al. 2008). An increase in Bsp1 expression in a temperature sensitive 
Iqg1 strain leads to remedial septum formation and restores cell separation (Wright et al. 
2008). 
Concurrent with assemble of the actomyosin ring is membrane deposition at the site of 
division, but the molecular mechanism for this is still unclear. During late anaphase, prior to 
cytokinesis, numerous components associated with exocytosis relocate from the bud cortex 
to the bud neck, including: Myo2 and Mlc1 (function in vesicle transport), the multi-subunit 
exocyst complex and its regulator, Rab GTPase Sec4, and Cdc42 and Rho1 (regulators of 
actin cytoskeleton) (Yeong 2005; Corbett et al. 2006; Moseley et al. 2006). Since Cdc42 and 
Rho1 regulate the assembly and secretion of actin, the GTPases may co-operatively 
regulate the actomyosin ring and target membrane deposition during cytokinesis (Adamo et 
al. 2001; Guo et al. 2001; Zhang et al. 2001). Mlc1 and Iqg1 are also speculated to be 
involved in septum formation (Balasubramanian et al. 2004). The catalytic subunit of chitin 
synthase II, Chs2, is also believed to be involved in septum formation; it localises to the bud 
neck in late anaphase and although a deletion of CHS2 is not lethal, the actomyosin ring 
fails to contract or contracts inefficiently  (Bi 2001; Schmidt et al. 2002). The catalytic subunit 
of chitin synthase III, Chs3, responsible for the synthesis of ~ 90 % of cellular chitin, also 
relocates to the bud neck during late anaphase; double mutants of CHS2 and CHS3 arrest in 
cytokinesis and a full deletion of both is lethal to the cell (Shaw et al. 1991), indicating that 
they play a role in septum formation. Furthermore, localisation of both Chs2 and Chs3 
depend on the septins (DeMarini et al. 1997).  
Although the mechanisms are still unclear, contraction of the actomyosin ring is believed to 
guide membrane deposition ensuring septum forms efficiently at the correct position, while 
septum deposition modulates the contractility of the actomyosin ring (Bi 2001).  Recently 
Sanchez-Diaz et al., 2008, have identified a novel factor, Inn1, that couples contraction of 
the actomyosin ring to membrane ingression during cytokinesis (Sanchez-Diaz et al. 2008 
272). Iqg1 and Myo1 are required for Inn’s recruitment suggesting that Inn1 is associated 
with the contractile ring at the end of mitosis (Sanchez-Diaz et al. 2008), although Inn1 is not 
required for assembly or contraction of the actomyosin ring nor for assembly or the splitting 
of the septin rings (Sanchez-Diaz et al. 2008). Sanchez-Diaz et al., 2008, showed that Inn1 
contained a C2 domain, a unique class of membrane targeting modules that are formed by a 
sandwich of two β sheets, each containing four β strands, and although the C2 domain was 
not essential for Inn1’s recruitment to the actomyosin, removal of the C2 domain led to a 
block in cytokinesis (Sanchez-Diaz et al. 2008). Only the C2 domain of Inn1 is essential for 
membrane ingression during cytokinesis, although 67% of the C terminal domain of Inn1 is 
required for recruitment of the C2 domain to the actomyosin ring (Sanchez-Diaz et al. 2008).  
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In addition, Corbett et al., 2006, have linked the MEN pathway to actin ring contraction and 
repolarisation of the actin cytoskeleton (Corbett et al. 2006). Actomyosin ring assembly 
permits the recruitment of the MEN components, Dbf2, most likely in a complex with Mob2, 
and Cdc15 to the bud neck leading to the phosphorylation of Hof which targets it to its 
degradation so promoting disassembly of the structural framework at the bud neck and 
completion of actin ring contraction and primary septum deposition (Corbett et al. 2006). In 
the absence of the MEN function, depletion of Hof1 did not restore actomyosin ring 
contraction suggesting that MEN activity is directly involved in actin ring contraction (Corbett 
et al. 2006).  
 
1.2.3 Cell Separation 
The penultimate event in the S. cerevisiae cell cycle is cell separation, whereby the mother 
severs all physical ties with the daughter cell (Yeong 2005). Organisms that do not possess 
a cell wall do not undergo cell separation, and their final event on completion of their cell 
cycle is cytokinesis, whereby invagination of the membrane and contraction of the 
actomyosin ring leads to cell separation (Yeong 2005). However, for those organisms 
possessing a cell wall, the cell wall continues to physically attach mother and daughter cell 
together after cytokinesis (Yeong 2005). These organisms thereby undergo a further step 
known as cell separation.  
S. cerevisiae’s cell wall is a complex macromolecular structure consisting of glucose 
polysaccharides, manno-proteins and N-acetyl-glucosamine in the form of chitin (Yeong 
2005). The cell wall is essentially made up of highly mannosylated proteins and three 
different polysaccharide chains: the predominant, linear 1,3 β-glucan, a minor, highly 
branched 1,6 β-glucan and chitin; all of these are covalently linked in vivo as part of a 
macromolecular structure, whereby the mannoproteins are linked to 1,3 β-glucan either 
directly or via a molecule of 1, 6 β-glucan (Baladron et al. 2002).  Thus, glucans are the main 
components of the yeast cell wall and are responsible for the rigidity and mechanical 
strength of the cell wall (Baladron et al. 2002). 
Chitin is mainly found in the mother-daughter neck, particularly in the primary septum that 
separates the maternal environment from the daughter after chromosome segregation and 
only constitutes a small part of the cell wall (Yeong 2005). When the bud emerges chitin 
synthase, Chs3, deposits a ring of chitin around the neck, subsequently Chs2 localizes at 
the neck region following mitosis and deposits the primary septum there, see Figure 1.6 
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(Yeong 2005). A secondary septum is then deposited around the primary septum from both 
the mother and the daughter’s side so forming a tri-laminar septum (Yeong 2005).  
Although relatively little is known about the process of cell separation, it is known that it is 
tightly regulated, both at the temporal and spatial level. S. cerevisiae directs a series of 
enzymes to the bud neck at the M/G1 transition to degrade the tri-laminar septum. So far six 
S. cerevisiae genes have been described to effect cell separation: DSE2 encodes a cell wall 
protein, DSE4/ENG1, and SCW11 encodes a putative glucan β1, 3-glucosidase, EGT2 
encodes an endoglucanase; CTS1 encodes the single S. cerevisiae chitinase and HYM1 
encodes a transcriptional repressor that regulates Ace2 function (Kuranda et al. 1991; 
Kovacech et al. 1996; Nelson et al. 2003; Bogomolnaya et al. 2004; Schmidt 2004).  
Very little is known about DSE2 but it is believed to encode a secreted protein, and its 
sequence is similar to the glucanases (Colman-Lerner et al. 2001). It is likely that Dse2 is a 
glucanase that degrades the septum between mother and daughter cells since dse2 strains 
have a cell separation defect and Dse2 has been shown to localise to the cell wall and to 
regions connecting mother and daughter cells indicating that it plays some role in cell 
separation (Colman-Lerner et al. 2001; Doolin et al. 2001). Furthermore, Dse2 was only 
found to be expressed by daughter cells and its expression is regulated by Ace2 (Colman-
Lerner et al. 2001; Doolin et al. 2001). 
DSE4 was shown to encode an endo-1,3 β-glucanase, the majority of glucanase activity in 
yeast cells are carried out by exo-1,3 β-glucanases, endo-1,3 β-glucanases act by attacking 
the linkages at intermediate points of the polymer chain so producing a mixture of 
oligosaccharides with glucose as a minor product (Baladron et al. 2002). Baladron et al., 
2002, revealed that Dse4/Eng1 localised asymmetrically to the daughter side of the septum 
using indirect immunofluorescence and calcofluor white staining, and this is in agreement 
with previous reports of the daughter specific expression of DSE4 due to its regulation by 
Ace2 (Colman-Lerner et al. 2001; Doolin et al. 2001; Baladron et al. 2002). Similar to dse2, a 
dse4 strain was defective in cell separation; however, the double dse4 cts1 strain had a 
similar defect in cell separation as the single cts1 strain (Baladron et al. 2002). This indicates 
that degradation of the chitin ring present in the neck region, the primary septum, is more 
important than glucan degradation during cell separation (Baladron et al. 2002). Dse4 is 
likely to play a lesser role in cell separation by aiding in the degradation of the secondary 
septum of the daughter cell in combination with other glucanases since the cell separation 
defect seen in dse4 cells were less severe than those seen in cts1 cells (Baladron et al. 
2002).  
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Scw11 was identified as a putative endo-β-glucanase from a study performed by Cappellaro 
et al., 1998, to identify yeast cell wall proteins using non-permeant biotinylation agents to 
label cell surface proteins followed by sodium dodecyl sulphate (SDS) extraction of proteins 
(Cappellaro et al. 1998). Their study isolated Scw11 as a potential endo-β-glucanase, along 
with Scw4 and Scw10, as they all contained a sequence that was related to the endo-β-
glucanase Bgl2, and were found to be 36% to 63% identical to Bgl2 (Cappellaro et al. 1998). 
Disruption of SCW11 led to a cell separation defect, and not even sonication was found to 
reduce the “clumpy” phenotype seen in scw11 cells (Cappellaro et al. 1998). These findings 
indicate that Scw11 plays a role in cell separation and taken together with reports that 
Scw11 is localised asymmetrically to the daughter side, and its expression is regulated by 
Ace2, it is likely that Scw11 aids Dse2 and Dse4 in degrading the secondary septum of the 
daughter cell during cell separation (Colman-Lerner et al. 2001; Doolin et al. 2001). 
Unlike Dse2, Dse4 and Scw11, Egt2’s expression is regulated by Swi5 and to a lesser 
degree Ace2 (Kovacech et al. 1996; Voth et al. 2005). Egt2 was also identified to be an 
endoglucanase after egt2 cells were shown to have a cell separation defect (Kovacech et al. 
1996), however, the cell separation defect seen in egt2 cells was extremely moderate 
consisting of only 4 attached cells and at the end of the second round of cell division, the first 
mother cell was observed to separate itself from its first daughter cell resulting in two 
dumbbell-shaped cells (Kovacech et al. 1996). Studies of the chitin present at the neck of 
the daughter and mother cells in egt2 cells using calcofluor white staining showed that it was 
digested in a similar manner to wild-type cells ruling out Egt2’s involvement in the 
degradation of the primary septum (Kovacech et al. 1996). Instead, treatment of egt2 cells 
using proteinase K or β-mercaptoethanol, which digests or modifies the outer mannoprotein 
layer, respectively, in conjunction with β-1, 3-glucanase broke the clusters apart indicating 
that Egt2 is a glucanase or activates glucanases (Kovacech et al. 1996). As the first mother 
cell is able to separate itself from the first daughter cell after the second division (Kovacech 
et al. 1996), it’s likely that Egt2 acts in combination with other glucanases to degrade the 
secondary septum between mother and daughter cells, and in its absence, degradation of 
the secondary septum takes place at a slower rate.  
CTS1 encodes the only endochitinase in S. cerevisiae, an enzyme that breaks down chitin, a 
component that only makes up around 1% of the cell wall and is mainly found in mother 
cells, localised mainly to the bud scar, and in the primary septum of mother and daughter 
cells (Kuranda et al. 1991; King et al. 1997; O'Conallain et al. 1999). Cts1 is a secretory 
protein that is O-glycosylated and is stored in vesicles in the periplasmic space; these 
vesicles fuse with the plasma membrane and release the Cts1 which binds to septum via 
chitin-binding domains (Elango et al. 1982; Kuranda et al. 1991). From work done to date, 
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Cts1 degrades the primary septum at the neck and its expression is regulated by Ace2, 
although over expression of Swi5 can also cause Cts1 to be expressed (Kuranda et al. 
1991) (O'Conallain et al. 1999). Since the cts1 mutant results in a severe cell separation 
defect (resulting in a mass of aggregated/clumps of cells) while the single eng1 or egt2 
mutant grew in strings of threes and fours, it has been suggested that Cts1 is the main 
hydrolytic enzyme required for cell separation (Baladron et al. 2002).  
HYM1 is conserved among eukaryotes and was named for its similarity to the Aspergillus 
nidulans gene hymA where mutations in hymA affect conidiophores development (Dorland et 
al. 2000; Bogomolnaya et al. 2004). Hym1 is a member of the RAM network that regulates 
the expression of the transcription factor Ace2 (Nelson et al. 2003; Bogomolnaya et al. 2004) 
and has been shown to affect cell cycle progression in S. cerevisiae (Bogomolnaya et al. 
2004). Over expression of HYM1 shortens the G1 phase in daughter cells, while loss of 
CBK1 or MOB2, two components of the RAM network, leads to a delay in START 
(Bogomolnaya et al. 2004; Schneper et al. 2004); taken together, the RAM network 
regulates cell cycle progression most likely through its regulation of Ace2. Unsurprisingly, 
deletion of HYM1 leads to cells with a severe cell separation defect and this is attributed to 
Ace2 not been activated as Ace2 regulates the expression of genes required for degradation 
of the septum between the mother and daughter cells (Colman-Lerner et al. 2001; Nelson et 
al. 2003; Kurischko et al. 2005).  
Interestingly, these hydrolytic enzymes appear to be regulated at several levels, CTS1, 
DSE1, DSE2, DSE4/ENG1, EGT2 and SCW11 are transcribed asymmetrically in the 
daughter cell during G1 due to the localisation of the transcription factor Ace2 to the daughter 
cell nucleus and its homologue Swi5 to the nucleus, resulting in daughter cell specific 
expression of these cell separation components (Colman-Lerner et al. 2001; Voth et al. 
2005; Yeong 2005). In addition, Cts1 and Eng1 are only observed to localise at the daughter 
side of the bud neck (Colman-Lerner et al. 2001; Baladron et al. 2002), and a deletion in the 
C-terminal chitin binding domain of CTS1 on a plasmid has been shown to have a reduced 
ability to rescue the cts1 cell separation defective phenotype indicating that the localisation 
of Cts1 is important for its function (Kuranda et al. 1991). Colman-Lerner et al. suggested in 
2001 (Colman-Lerner et al. 2001) that because these cell wall hydrolytic enzymes have a 
daughter specific expression and localisation it explained why the mother cell only carried a 
crater like chitin bud scar at the end of cell separation, while the daughter carried only a faint 
birth scar (Bacon et al. 1966). Since the majority of the enzymes required for degradation of 
the septum are regulated mainly by Ace2 (CTS1, DSE1, DSE2, DSE4, SCW11 and to a 
lesser degree EGT2) (Colman-Lerner et al. 2001; Doolin et al. 2001; Voth et al. 2005), Ace2 
plays a central role in cell separation, see section 1.4.  
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Finally, Cts1’s action during septum degradation is believed to be modulated by a third chitin 
synthase, Chs1. Chs1 “repairs” the cell wall at the daughter side during Cts1’s action, 
ensuring that daughter cells are not born with a hole in their cell wall at the end of cell 
separation (Cabib et al. 1989). 
 
1.3 Cell Separation Mutants Described to Date 
So far a number of cell separation defective mutants, including those described above, have 
been reported in S. cerevisiae. In 2002, Giaver et al. performed a large scale phenotypic 
screen of the S. cerevisiae YKO library and isolated several mutants which seemed to have 
a cell separation mutant defect (Giaever et al. 2002). In 2006, Sopko et al. reported the 
results of a large scale genome over expression study examining the affects of over 
expression on cell toxicity, cell morphology and cell cycle arrest, their study revealed 12 
genes whose over expression led to the formation of multiple buds and 16 genes whose 
over expression led to multi-nucleated cells (Sopko et al. 2006). It is possible that over 
expression of these genes lead to a defect in cell separation, see Appendix I, Table I-II 
respectively (Sopko et al. 2006).   
There are also reports that myo1 cells are less efficient at dividing, yet some myo1 cells are 
found to divide as efficiently as the wild-type and others not at all. The fact that myo1 cells 
have a cell separation defect is not surprising considering that Myo1 is involved in 
cytokinesis as part of the actomyosin ring shortly after bud emergence (Bi et al. 1998). Not 
surprisingly, mutations in CDC15 are also reported to produce strains that are unable to 
undergo separation, but are able to re-bud; Cdc15 encodes a putative serine/threonine 
protein kinase that is essential for exit from mitosis so leading to a defect in the cytokinesis 
checkpoint and cells are unable to separate (Jimenez et al. 1998).  
Suggestions have also been made that Swm1, a core unit of the anaphase promoting 
complex is required for the localisation and expression of Ace2 in daughter specific cells at 
38o C (Ufano et al. 2004; Ufano et al. 2004). swm1 cells at high temperatures (38o C) fail to 
separate and this is due to a reduced expression of CTS1 and a group of genes involved in 
cell separation (SCW11, DSE1, etc.), these genes are all specifically regulated by Ace2. 
Ace2 is unable to enter the nucleus of swm1 daughter cells at 38o C (Ufano et al. 2004; 
Ufano et al. 2004). 
More recently, Svarovsky et al., 2005, have identified that disruption of LRG1 also leads to 
an inhibition of mother and daughter cell separation in S. cerevisiae (Svarovsky et al. 2005). 
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Lrg1 has been characterised as a GTPase-activating protein for Rho1, an essential GTP-
binding protein that serves as the regulatory subunit of β-1, 3- glucan synthase (Lorberg et 
al. 2001; Roumanie et al. 2001; Watanabe et al. 2001). The cell separation defect was a 
consequence of increased β-1,3-glucan production at the bud site leading to a thicker 
septum that could not be degraded (Svarovsky et al. 2005). Fujita et al., 2004, have also 
identified a cell separation defective mutant, GPI7 (Fujita et al. 2004). GPI7 is required for 
the addition of a side chain ethanolaminephosphate (EtN-P) to the second mannose portion 
of the GPI core glycan structure (Benachour et al. 1999); a post-translational modification 
process that ensures that the final localisation of a protein is determined by the GPI anchor 
that is added. Fujita et al.’s studies revealed the cell separation defect seen by gpi7 cells 
was most likely due to the GPI-anchored protein, Egt2, an endoglucanase that degrades the 
septum, not been transported to the septum correctly to facilitate degradation. In gpi7 cells 
Egt2 was found to be mis-localised to the cortex instead of the septum (Fujita et al. 2004). 
This indicates that GPI7 plays a role in cell separation by ensuring correct targeting of 
daughter specific GPI-anchored proteins. 
Hence, most currently described cell separation defective mutants in S. cerevisiae described 
to date either play a role in degradation of the cell wall, are related to the regulation of Ace2, 
a downstream effector of Ace2, or are involved in cytokinesis. Ace2 must therefore play an 
important role in cell separation in S. cerevisiae.  
 
1.4 Ace2 
Ace2 was first identified as a regulator of basal-level expression of CUP1 as part of studies 
on the regulation of genes in response to specific environmental changes using the 
expression of metallothionen (MT) genes, genes encoding small cysteine-rich metal binding 
proteins that maintain the intracellular levels of metals and protect against heavy metal 
toxicity, as a model system (Butler et al. 1991). Ace2 is known to be a transcription factor 
that regulates genes expressed during M/G1, and is required for daughter-cell specific G1 
delay, thus allowing daughter cells more time in which to expand their metabolic resources 
prior to new cell production (although both mother and daughter cells begin G1 
simultaneously, the mother cell progresses faster through G1 while a delay is seen in the 
daughter. When ACE2 is deleted, mother and daughter cell progress through G1 at the same 
rate)(Simon et al. 2001; Laabs et al. 2003).  
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1.4.1 Ace2 is Similar to Swi5 but Does Not Regulate the Same Subset of Genes 
Ace2 and Swi5 are extremely similar, both are zinc fingered DNA binding factors; and within 
their zinc finger DNA binding domain they are 83% identical rising to around 94% similarity 
with conservative amino acid substitutions. The 30-50 residues either side of the zinc finger 
domain which includes the NLS (Nuclear Localisation Signal) are conserved as well (Sbia et 
al. 2008). Overall they are roughly 37% identical, see Figure 1.7 (Dohrmann et al. 1996; 
McBride et al. 1999; Doolin et al. 2001). 
 
Figure 1.7: Ace2 and Swi5 transcription factors are very similar at the amino acid level, especially at 
the zinc finger domain where they are 94% similar. Including the Zinc finger domain at the C terminal 
end, there are 5 regions of similarity between Ace2 and Swi5. Regions in grey are not conserved. 
Figure adapted from McBride et al., 1999 (McBride et al. 1999). 
 
However, within the N-terminal region of Ace2 and Swi5 they are poorly conserved and are 
only 18% identical throughout this region, although there are 3 blocks of similarity within this 
region (McBride et al. 1999).  Furthermore, based on protein/DNA co-crystallisation studies 
performed on the mouse immediate early protein, Zif268, zinc finger protein (Pavletich et al. 
1991), the amino acids predicted to make nucleotide specific contacts with the DNA are 
conserved between Swi5 and Ace2. In vitro Ace2 and Swi5 both bind the same DNA 
sequences with similar affinities (Dohrmann et al. 1996; McBride et al. 1999). In vivo, Ace2 
and Swi5 activate a different subset of genes; Swi5 is able to activate HO yet Ace2 cannot, 
whereas Ace2 is able to active CTS1 and Swi5 does not (Dohrmann et al. 1996; McBride et 
al. 1999; Doolin et al. 2001). Ace2 and Swi5 regulate a variety of early G1 genes (at least 20) 
and the regulation of these genes are complex. Some genes are activated by either Ace2 or 
Swi5, while others require Ace2 or Swi5 to be the primary activator and the other 
transcription factor plays a minor role in their activation (Dohrmann et al. 1996; McBride et 
al. 1999; Doolin et al. 2001), see Figure 1.8.  
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 1 - Introduction 
 
49 
 
 
Figure 1.8: Genes regulated by Ace2 and Swi5. Genes on the left are predominantly regulated by 
Ace2 and those on the right by Swi5. Genes in the middle are regulated by both Ace2 and Swi5, while 
those genes in the pink box are expressed 10 minutes later than the others during mitosis. HO, PLC2, 
CDC6, PIR2, PIR3 and YDR055W were omitted from this list because other factors make a 
substantial contribution to their regulation as well. Figure adapted from Doolin et al., 2001 (Doolin et 
al. 2001). 
 
The majority of the genes targeted by Ace2 and Swi5 are involved in mating type switching, 
initiation of DNA replication and exit from mitosis, which is not surprising considering these 
genes are activated during the M/G1 transition. Both transcription factors are required for 
maximal expression of; SIC1, inhibitor of Cdc28 and facilitates exit from mitosis by inhibition 
of Cdc28 (Toyn et al. 1997); RME1, regulator of meiosis, but Ace2 is the main effector for 
Rme1 since ace2 cells have a much lower level of expression of RME1 compared to swi5 
cells (Toone et al. 1995); ASH1, involved in mating type switching (Bobola et al. 1996); 
NIS1, speculated to play a role in the mitotic exit network (MEN), a signalling pathway that 
regulates exit from mitosis and entry into cytokinesis - see section 1.2.1 - as it is localised to 
the bud neck and interacts with all the septins (Iwase et al. 2001); EGT2, encodes an 
endoglucanase thought to degrade the secondary septum during cell separation at the bud 
neck, Swi5 is believed to be the predominant effector for EGT2 (Kovacech et al. 1996), 
DSE3, localised specifically to the daughter cell and speculated to be involved in daughter 
cell fate (Colman-Lerner et al. 2001); and AMN1, associated with MEN exit and resets the 
cell for another cell cycle; Amn1 binds to Tem1 preventing Tem1 from binding to Cdc15 and 
ultimately activating Cdc14 leading to the end of MEN (Wang et al. 2003). 
Swi5 solely regulates the genes; PCL9, cyclin that forms a complex with Pho85 cyclin 
dependent kinase and shown to play a role in the regulation of budding and cell 
morphogenesis early in the cell cycle (Tennyson et al. 1998); PIR1, constituent of the cell 
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wall and required for tolerance during heat shock (Toh-e et al. 1993; Kapteyn et al. 1999; 
Mrsa et al. 1999); and YNL046W and YPL158C/AIM44, both uncharacterised but given 
Swi5’s target genes they’re likely to be involved in either mating type switching, initiation of 
DNA replication or exit from mitosis. Hess et al. (2008, unpublished) have suggested that 
YPL158C/AIM44 may play a role in mitochondrial inheritance. HO, an endonuclease that 
initiates mating-type switch (Dohrmann et al. 1996); CDC6, an initiator of DNA replication 
(Piatti et al. 1995) and PCL2, a cyclin that is part of the Pho85 cyclin dependent kinase 
complex (Aerne et al. 1998) are regulated primarily by Swi5, but other factors play a role in 
their regulation too.  
Ace2 solely regulates the genes; CTS1, encodes the single S. cerevisiae chitinase that 
degrades the primary septum during cell separation (Dohrmann et al. 1996; Doolin et al. 
2001), SCW11, encodes a putative glucan β1, 3-glucosidase (Doolin et al. 2001), DSE1, 
speculated to be involved with the cell wall (Colman-Lerner et al. 2001; Doolin et al. 2001), 
and DSE2, a putative glucanase that acts on the septum from the daughter cell side during 
cell separation (Colman-Lerner et al. 2001; Doolin et al. 2001). A deletion of any of these 4 
genes regulated solely by Ace2 results in a cell separation defect, Ace2 is therefore thought 
to play a major role in the regulation of cell separation (Colman-Lerner et al. 2001; Doolin et 
al. 2001; Nelson et al. 2003).  
Ace2 and Swi5’s ability to regulate a different subset of genes as well as contribute to jointly 
activate a subset of genes could be explained by their difference in binding specificities, 
most likely, at their C-terminal domain, being the only region of both proteins where their 
similarity is extremely low (83% identical at the N terminal but only 37% identical overall) 
(Butler et al. 1991; Dohrmann et al. 1996; McBride et al. 1999; Doolin et al. 2001). It has 
already been shown that specific regions of Ace2 and Swi5 are required for the activation of 
HO and CTSI (Dohrmann et al. 1996; McBride et al. 1999; Doolin et al. 2001). For example, 
the HO promoter Swi5 can cooperatively bind with the Pho2 homedomain protein to activate 
HO expression, but Ace2 is unable to do so (Dohrmann et al. 1996; Doolin et al. 2001). Work 
done by Stillman et al., 1994, suggests that Sin5 acts as a negative regulator of HO and 
inhibits Ace2 from activating HO expression (Stillman et al. 1994). A similar mode of action is 
also seen with CTS1 activation, a 258bp region upstream of the CTS1 promoter allows its 
inactivation by Ace2 but not Swi5; in addition, deletion of NCE3 allows activation of CTS1 in 
the absence of Ace2 by Swi5, indicating that Nce3 inhibits the activation of CTS1 expression 
by Swi5 as a negative regulator of CTS1 (Dohrmann et al. 1996). 
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1.4.2 Daughter and Mother Cells Have Asymmetric Cell Fates 
In S. cerevisiae, the separation of the daughter cell from the mother cell is asymmetric; chitin 
is preferentially deposited at the bud site where it forms a ring around the emerging bud 
(Sloat et al. 1978). In addition, degradation of the septum holding mother and daughter cell 
together is mainly directed by hydrolytic enzymes from the daughter cell, yet the underlying 
mechanism of how this daughter cell specific expression is regulated has not been 
elucidated (Colman-Lerner et al. 2001; Baladron et al. 2002). In 2001 Colman-Lerner et al. 
proposed two models of how daughter specific gene transcription may be regulated, both 
require Cbk1, Mob2 and Ace2. Mob2 and Cbk1 are both components of the RAM network 
(regulation of Ace2 activity and cellular morphogenesis), a pathway that regulates the 
transcription factor, Ace2, and a deletion of Mob2 or Cbk1 leads to a cell separation defect 
(McBride et al. 1999; Colman-Lerner et al. 2001; Weiss et al. 2002; Nelson et al. 2003). 
Furthermore, Cbk1 and Mob2 associate in 2-hybrid experiments and are likely to form a 
complex together similar to the Mob1 and Dbf2 pairs during MEN (Mah et al. 2001). 
Additionally, both proteins interact with Ace2 in 2-hybrid experiments and all 3 accumulate in 
the daughter nucleus at the end of mitosis, indicating that they may form a protein complex 
(Colman-Lerner et al. 2001). 
Colman-Lerner et al., 2001, proposed a model based on their observations that their 
experiments defined a set of 8 daughter specific genes; CTS1, SCW11, PRY3, AMN1/ 
CST13, DSE1, DSE2, DSE3 and DSE4/ENG1, and the induction of these genes required 
Cbk1, Mob2 and Ace2 (Colman-Lerner et al. 2001). They proposed that Ace2 was 
expressed during G2 before the new daughter cell emerges, during this period Ace2 is 
phosphorylated by a Cdc28-kinase complex leading to Ace2 accumulation in the cytoplasm. 
At the end of anaphase when the activity of Cdc28 declines, Ace2 is translocated to both 
mother and daughter cell nuclei via an activated Cbk1/Mob2 complex – perhaps in a 
complex with Mob2 and Cbk1. Later on, import to the mother nucleus is stopped and Ace2 in 
the mother nucleus is either degraded or exported out of the mother cell (it has now been 
shown that Ace2 is not degraded but instead exported out of the mother nucleus possibly by 
Crm1 (Sbia et al. 2008)). In the meantime, import of the activated Ace2 into the daughter 
nucleus triggers expression of daughter specific genes leading to cell separation, thus 
allowing daughter specific expression to be carried out (Colman-Lerner et al. 2001), see 
Figure 1.9. 
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Figure 1.9: Model for induction of daughter specific genes: Ace2 is localised to the cytoplasm due to 
phosphorylation by Cdc28. At the end of mitosis, Cdc28 is degraded leading to a rise in non 
phosphorylated Ace2; Cbk1-Mob2 targets Ace2 to translocate to the nucleus (probably in a complex 
with Mob2-Cbk1). In the mother cell (left) the Ace2 complex disappears due to it being exported out of 
the nucleus, in the daughter cell (right), Ace2 accumulates and transcribes daughter specific genes 
e.g. CTS1 to carry out cell separation. This figure was adapted from Colman-Lerner et al., 2001 
(Colman-Lerner et al. 2001). 
 
Of the 8 genes, CTS1, SCW11, DSE4/ ENG1, are hydrolytic enzymes associated with 
degradation of the septum during cell separation; Cts1 is the primary chitinase responsible 
for degradation of the primary septum and cell separation, and is only localised to the 
daughter cell (Kuranda et al. 1991; Cappellaro et al. 1998; Colman-Lerner et al. 2001). Little 
is known about PRY3, except that it is similar to Pry1 and 2 and to the plant PR-1 class of 
related pathogen proteins (Entian et al. 1999), little is also known about DSE3 and DSE1, 
although a deletion of DSE1 results in cell wall defects indicating it plays a role in cell wall 
metabolism (Colman-Lerner et al. 2001; Doolin et al. 2001).  AMN1 plays a major role in 
MEN exit, inhibiting Tem1 leading to the down regulation of Cdc14 and exit from the MEN 
(Ouspenski et al. 1999; Wang et al. 2003), while DSE2 is predicted to be a putative 
glucanase thought to degrade the cell wall during cell separation (Colman-Lerner et al. 2001; 
Doolin et al. 2001).  
Colman-Lerner et al., 2001, proposed a second model where daughter specific genes were 
activated under specific environmental conditions. They observed that under exponentially 
growing cultures, both ASH1 and EGT2 were expressed in both the daughter and mother 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 1 - Introduction 
 
53 
 
cells; and either of Swi5 or Ace2 could activate their expression (Colman-Lerner et al. 2001). 
However, in saturated cultures, transcription of these genes was only activated in the 
daughter cells and only Ace2 could activate these genes (Colman-Lerner et al. 2001). The 
observation that expression of HO, activated by Swi5 only, was reduced indicated that the 
activity of Swi5 in these cells were severely reduced (Colman-Lerner et al. 2001). This 
mechanism would thus enable daughter and mother cells to switch mating type during 
conditions of saturation but prevent granddaughter cells from doing so (haploid mother cells 
switch mating types between a and α, but daughter cells do not do so until they have 
budded; usually the process is initiated by Ho, which is only expressed in mother cells 
(Strathern et al. 1979; Strathern et al. 1982; Nasmyth 1983))(Colman-Lerner et al. 2001). 
 
1.4.3 Regulation of Ace2 Throughout the Cell Cycle 
ACE2 and SWI5 are both transcribed during G2 of the cell cycle; both Ace2 and Swi5 remain 
in the cytoplasm during G2 and M (Dohrmann et al. 1996). At the end of mitosis both Swi5 
and Ace2 enter the nucleus and rapidly disappear. However, Swi5 has been shown to 
accumulate in the nucleus and bind DNA around 10 minutes earlier in the cycle than Ace2 
by chromatin immunoprecipitation (ChIP) and fluorescence microscopy (Sbia et al. 2008), 
and this explains why Ace2 regulated genes, as well as RME1 and AMN1, are expressed 10 
minutes later than the Swi5 regulated genes (Doolin et al. 2001). Swi5 remains in the 
cytoplasm due to the phosphorylation of three of its serine residues by Cdc28 and its 
dephosphorylation coincides with its translocation to the nucleus (Dohrmann et al. 1996; 
O'Conallain et al. 1999). 
Unlike Swi5, which is degraded from the nucleus during G1, Sbia et al., 2008, have shown 
that the levels of Ace2 are constant throughout the cell cycle and thus propose that Ace2 
levels are down regulated by export from the nucleus during G1 (Sbia et al. 2008). In 
addition, Jensen et al., 2000, have shown that Ace2 is not only nuclear during M/G1 but also 
during other stages of the cell cycle, and this would explain the ability of Ace2 to activate 
genes such as CUP1 that are not expressed in a cell cycle dependent manner (Jensen et al. 
2000). Jensen et al., 2000, showed that Ace2 contains a nuclear export signal (NES) that 
interacts with Crm1, a NES receptor (Jensen et al. 2000) and when cells are treated with a 
nuclear export inhibitor, Ace2 remains nuclear, although Swi5 did not respond to the inhibitor 
indicating Swi5 does not contain an NES domain (Sbia et al. 2008).  
Previously it was suggested by Weiss et al., 2002, that Cbk1 functions to block export of 
Ace2 from the nucleus (Weiss et al. 2002), and in support, Sbia et al., 2008, and Racki et al., 
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2007, have both shown that the G128E mutation within the NES of Ace2 partially 
suppresses the Ace2 defect in transcriptional activation caused by a cbk1 mutation (Bourens 
et al. 2007; Sbia et al. 2008). A G128E substitution is thus proposed to inactive the NES 
domain in Ace2 because Ace2 accumulates in both the mother and daughter nuclei, and this 
is also true when an inhibitor against Crm1 is added to the cells.  
Ace2 harbours a putative nuclear localisation signal (NLS) which is also conserved in Swi5, 
a deletion in this region in Swi5 leads to elimination of nuclear entry, in addition, several 
consensus Cdc28 phosphorylation sites near the NLS in Swi5 are also conserved in Ace2 
(Moll et al. 1991; O'Conallain et al. 1999). Both Swi5 and Ace2 are phosphorylated by the 
Cdc28 cyclin-dependent kinase, while Swi5 has been shown to be dephosphorylated by 
Cdc14 in vitro; it is likely that Cdc14 dephosphorylates both Ace2 and Swi5 in vivo (Visintin 
et al. 1998; Ubersax et al. 2003; Archambault et al. 2004). This has led to a model whereby 
phosphorylation by Cdc28-Clb complex during G2 acts to mask the NLS and so the protein 
remains cytoplasmic. At anaphase, Cdc14 dephosphorylates the protein and the NLS is 
revealed and the protein enters the nucleus. The Cdc28/Clb3 kinase is hypothesised to play 
a role in excluding Ace2 from the nucleus because the number of cells with Ace2 in the 
nucleus increases in a clb3 clb4 double mutant (Archambault et al. 2004).  
Mutation of all 3 phosphorylated residues in Swi5 to alanine results in constitutive nuclear 
localisation (Moll et al. 1991). As Ace2 and Swi5 share conserved regions, including the 
region entailing the 3 phosphorylated residues in Swi5, the 3 phosphorylated residues 
present in Ace2 were mutated in a similar way to the 3 residues present in Swi5; like Swi5, 
Ace2 was found to be localised to the nucleus (O'Conallain et al. 1999). In contrast, Sbia et 
al., 2008, in their recent study found a normal pattern of nuclear localisation for Ace2 despite 
the 3 phosphorylated amino acids being mutated to alanine (Sbia et al. 2008). The 
differences in these two studies could be attributed to the fact that the first study used a 
mutated Ace2 expressed under the GAL1 promoter, a constitutively strong promoter, leading 
to over expression of Ace2 in a normal cell; whereas the study carried out by Sbia et al., 
2008, used a mutated Ace2 expressed under its native promoter (O'Conallain et al. 1999; 
Sbia et al. 2008). It is hypothesised that the mutated Ace2 is localised to the nucleus in both 
cases, but because the NES signal is still viable within the mutated Ace2, in the latter study, 
a normal localisation pattern is observed as the mutated Ace2 is exported back out to the 
cytoplasm until the NES is inhibited by Cbk1. In the O’Conallain et al. study it is a similar 
scenario as in the latter study, but because the Ace2 is being over expressed in this system, 
the Ace2 being exported back out into the cytoplasm is oversaturated by the high levels of 
Ace2 present, thus abnormal nuclear localisation of Ace2 is observed. Sbia et al., 2008, 
further proved this hypothesis by substituting a G128E mutation in the Ace2 with its 3 amino 
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acids required for phosphorylation mutated to alanines, thus creating an Ace2 with a 
defective NES and NLS signal; as expected Ace2 in these cells remained in the nucleus 
throughout the cell cycle (Sbia et al. 2008). 
 
1.4.4 Ace2 and the RAM Network 
In both C. glabrata and S. cerevisiae, a deletion of ACE2 causes a cell separation defect, 
thus it is likely that Ace2 is a central regulator of cell separation, especially when the genes 
activated by Ace2 are taken into consideration e.g. CTS1 is solely regulated by Ace2 and is 
believed to be the main hydrolytic enzyme responsible for septum degradation between 
mother and daughter cells (Dohrmann et al. 1996; Doolin et al. 2001).  
Studies by Colman-Lerner et al., 2001, showed that Mob2, Cbk1 and Ace2 accumulated in 
the nucleus at the end of mitosis, thus indicating they were most likely in a pathway together. 
In 2002, Du et al. published results suggesting that Tao3 was in a similar pathway to Cbk1 
and that deletion of TAO3 led to a cell separation defect (Du et al. 2002). In 2003, Nelson et 
al. established that Ace2 is regulated by a pathway denoted as the RAM network (regulation 
of Ace2 activity and cellular morphogenesis) which is similar to the MEN pathway (McBride 
et al. 1999; Weiss et al. 2002; Nelson et al. 2003). The RAM network so far consists of 
Mob2, Cbk1, Tao3, Sog2, Hym1, and Kic1 (Nelson et al. 2003; Kurischko et al. 2005). Mob2 
is speculated to bind Cbk1 throughout the cell cycle and has been found to be critical for all 
RAM functions. The binding of Mob2 to Cbk1 is necessary for Cbk1 kinase activity yet this is 
not sufficient for activation of Cbk1 in kic1, hym1, sog2 or tao3 cells (Nelson et al. 2003; 
Kurischko et al. 2005). This suggests that Mob2 and Cbk1 function late in the RAM network 
and localisation of Ace2, Cbk1 and Mob2 are dependent on the other RAM proteins (Nelson 
et al. 2003; Kurischko et al. 2005). Ace2 has been shown to act downstream from the RAM 
network because a multi-copy plasmid of ACE2 inserted into the ram mutants rescued the 
defect in cell separation seen in these strains (Voth et al. 2005). The current model is that 
Kic1, Sog2 and Hym1 interact with each other and activate Mob2-Cbk1; Tao3 and Ssd1 are 
also believed to somehow activate Mob2-Cbk1, which in turn activates Ace2 leading to cell 
separation, see Figure 1.10 (Nelson et al. 2003; Kurischko et al. 2005).  
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Figure 1.10: Proposed model of the RAM network: Kic1, Sog2 and Hym1 interact with each other to 
form a complex and activate Mob2-Cbk1 (Nelson et al. 2003; Kurischko et al. 2005). Tao3 and Ssd1 
are also proposed to act on and activate Mob2-Cbk1; the activated Mob2-Cbk1 complex acts on Ace2 
which activates the transcription of genes required for cell separation to occur, leading to cell 
separation (Nelson et al. 2003; Kurischko et al. 2005). However, SSD1 is not essential for RAM 
regulation of Ace2 (Nelson et al. 2003; Kurischko et al. 2005). 
 
KIC1 encodes a protein kinase that interacts with the centrin related Cdc31 and controls 
polarised growth and cell wall integrity, while in Schizosaccharomyces pombe Kic1 regulates 
septum formation (Tang et al. 2003). SOG2 encodes an 87kDa protein rich in leucine 
repeats which shares a weak similarity with the amino terminus of S. cerevisiae adenylate 
cyclase and is required for cell morphogenesis and Cbk1 activity (Nelson et al. 2003). Hym1 
is an orthologue of the Aspergillus nidulans hyphal growth protein HymA, and is believed to 
play a role in polarised morphogenesis in association with Kic1 (Nelson et al. 2003; 
Bogomolnaya et al. 2004). Little is known about Tao3, although it is conserved from yeast to 
humans indicating an important biological function (Du et al. 2002). However, Qui et al., 
2008, have recently identified Tao3 to play an important role in the proper localisation of U3 
snoRNA, which is involved in ribosome biogenesis (Qiu et al. 2008). Ssd1 has been 
implicated in Sit4 phosphatase function and plays a role in polarised morphogenesis as 
disruption of SSD1 rescues the growth defects of tao3 and cbk1 null mutants (Du et al. 2002; 
Kaeberlein et al. 2004). Ssd1 is thought to be a suppressor of Tao3 and Cbk1. Cbk1 plays a 
role in polarised growth and enables the localisation of Ace2 to daughter nuclei, while Mob2 
is a member of the Mob family, which is related to the MEN proteins Mob1 and Dbf2 (Weiss 
et al. 2002; Nelson et al. 2003). 
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An interesting feature of the RAM network is that ram mutants are defective in polarised 
growth yet ace2 cells are not, indicating that RAM operates in an independent pathway to 
Ace2 to regulate cellular morphogenesis as well as cell separation (Nelson et al. 2003; 
Kurischko et al. 2005). In strains that contain a functional SSD1 the RAM network is 
essential for viability e.g. S288C derived strains from the S. cerevisiae deletion consortium, 
while in those strains that lack a functional SSD1 allele, RAM is not necessary for function 
e.g. W303 strains. As ace2 cells are viable in strains regardless of the presence of a 
functional SSD1 it indicates that RAM regulation of Ace2 is independent of SSD1 and this 
has recently been confirmed by Kurischko et al., 2005 (Nelson et al. 2003; Kurischko et al. 
2005). Kurischko et al., 2005, suggested that RAM and Ssd1 function to control cell integrity 
by acting co-operatively and further suggest that Zrg8 and Srl1, found to inhibit the ram cell 
lethality in functional SSD1 cells, are non-essential inhibitors of Ssd1 (Kurischko et al. 2005). 
However, Bourens et al., 2007, have suggested that Cbk1 and the RAM network are not 
required for the activation of Ace2 but only for the retention of Ace2 in the daughter cell 
(Bourens et al. 2007). They suggest that because Cbk1 and other RAM components are not 
necessary for nuclear entry of Ace2, since in the absence of Cbk1, Ace2 localises to the 
nucleus in both mother and daughter cells, and this localisation is similar in mother wild-type 
cells; and in crm1 suppressors the accumulation of wild-type Ace2 is able to overcome the 
cbk1 deletion aggregation phenotype, as can expression of a wild-type ACE2 from a multi 
copy plasmid (Racki et al. 2000), it suggests that Cbk1 and the RAM network are not 
required for the activation of Ace2. In addition, the accumulation of Ace2 in daughter nuclei 
requires the kinase activity of Cbk1 (Colman-Lerner et al. 2001; Weiss et al. 2002) and in 
vitro Cbk1 is able to phosphorylate the N-terminus of Ace2 (Jansen et al. 2006). Instead 
Bourens et al., 2007, suggest Cbk1 and the RAM network are important for retention of the 
Ace2 in daughter nuclei by Cbk1’s phosphorylation of the NES on Ace2 in daughter nuclei, 
so preventing Ace2’s export by Crm1 (Bourens et al. 2007). Further support from their model 
comes from a proteomic study carried out by Archambault et al., 2004, where they isolated a 
phosphopeptide from Ace2 and noted that the threonine and serine residues within that 
peptide did not correspond to Cdk phosphorylation sites (Archambault et al. 2004). In 
addition, part of this peptide was identified previously by Jensen et al., 2000, to form part of 
the NES of Ace2 and contained residues that were mutated in the Ace2 suppressors that are 
unable to interact with Crm1 (Jensen et al. 2000; Racki et al. 2000). Thus the regulatory 
pathways that trigger Ace2’s entry into daughter cell nuclei remain unclear.  
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1.5 C. glabrata Versus S. cerevisiae 
Unlike C. glabrata, S. cerevisiae is classified and utilised as an experimental model 
organism by scientists and is used to study many different applications from cancer in 
humans to simple respiration experiments. S. cerevisiae has a life cycle that alternates 
between haploid and diploid phases and has an extremely fast generation time (~ 2 hours). 
As yeast can grow either as a haploid or diploid, recessive mutations are easily identified in 
haploid cells, and combinational mutations are easily generated to facilitate 
complementation analysis in diploid cells, making it an ideal model organism (Hartwell 
2000). A study performed in 1997 by Botstein et al. showed that, at that time, for 31% of all 
the potential protein encoding genes of S. cerevisiae a statistically robust homologue was 
found in mammalian proteins (Botstein et al. 1997). Furthermore, an experiment performed 
in 1985 where the human RAS protein was cloned into ras yeast strains, revealed that 
functionality was rescued in the ras strains by the human Ras protein, indicating that 
biological functionality was conserved as well as sequence between yeast and mammalian 
proteins (Kataoka et al. 1985). In comparison to mammalian systems, genetic manipulation 
is much easier and simpler in yeast and thus it became one of the experimental models to 
use. 
As a direct consequence, S. cerevisiae is one of the most extremely well-studied and 
researched organisms, and a mass of tools are available to the community for 
experimentation in S. cerevisiae. The entire genome of S. cerevisiae has been sequenced 
and released in electronic format to the community for ease of use on the Saccharomyces 
cerevisiae Genome Database (SGD) – www.yeastgenome.org – and has been annotated as 
far as possible. In addition, an increasing number of molecular tools have been made 
available to the community in recent years.  
After the genome was sequenced, a consortium of laboratories gathered together to create 
individual deletion strains of each open reading frame (ORF), so that whole-genome wide 
approaches could be carried out to systematically determine their function (Winzeler et al. 
1999; Giaever et al. 2002). Around 96% of the non-essential genes in the S288C S. 
cerevisiae strain background were deleted via a polymerase chain reaction (PCR) based 
gene disruption strategy, where the gene was replaced with the KanMX cassette (allowing of 
selection for resistance to geneticin), in both mating types; and this library was called the 
Yeast Knockout Library (YKO) and has been made commercially available from Open 
Biosystems (Winzeler et al. 1999; Giaever et al. 2002). Furthermore, the library has been 
created such that each individual strain has a unique bar code so that large numbers of 
deletion strains can be pooled and analysed in parallel experiments (Giaever et al. 2002); a 
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competition growth assay on a small sample set of deletion strains has already shown that 
around 40% of the deletants examined showed some sort of growth defect (Winzeler et al. 
1999). Further large scale analysis carried on the YKO library revealed that 15% of all the 
mutants have a slow growth phenotype in rich media and growth in varying environmental 
conditions such as growth on sodium chloride, cell shape and size, and fitness versus 
expression profiling has also been studied using this library (Giaever et al. 2002). All this 
data has been released publicly and as this library is readily available it should facilitate 
faster analysis of the genome and be invaluable for researchers. As more researchers use 
the YKO library for their research, more direct comparisons can be drawn between 
experiments since the background strain is the same and they are all constructed in the 
same manner; thus lessening the chances of experimental artefacts due to different strain 
backgrounds. 
As a result of the YKO library’s creation, around 1,105 (~18.7%) of the protein encoding 
genes in S. cerevisiae were found to be essential for growth at 30oC in rich media 
(Mnaimneh et al. 2004). The Ted Hughes laboratory has placed two thirds of these essential 
genes under the control of a tetracycline regulatable promoter, the yeast Tet-promoters 
Hughes Collection (yTHC) or Tet-YKO library, so in the presence of doxycycline the gene of 
interest is repressed in the BY4741 S. cerevisiae strain background (parental strain of the 
YKO library) (Mnaimneh et al. 2004). A major advantage of using this system is that the 
native open reading frame of the gene is maintained and the doxycycline used to repress the 
genes has virtually no effect on yeast physiology and global gene expression at the 
concentrations needed to repress the gene (Mnaimneh et al. 2004). Subsequently, large 
scale phenotypic analysis, growth assays, microarray analysis, drug sensitivity and synthetic 
genetic array analysis has been carried out on these strains and the date available made 
public (Mnaimneh et al. 2004). The Tet-YKO library has been made commercially available 
from Open Biosystems.  
In addition to the creation of these two libraries, a collection of S. cerevisiae open reading 
frames tagged at the carboxy terminal end using the coding sequence of Aequorea Victoria 
green fluorescent protein (GFP), and a collection that has been tagged at the carboxy 
terminal with a modified version of the tandem affinity purification (TAP) tag in frame under 
their native promoter has been constructed by Erin O’Shea and Jonathon Weissman at 
UCSF (Ghaemmaghami et al. 2003; Huh et al. 2003). The production of these two 
collections enables one to do localisation studies and detect protein-protein interactions of 
your protein of interest without needing to construct the strains yourself. A large scale protein 
localisation analysis screen has already been carried out using the Yeast GFP- tagged 
library and around 4159 yeast-GFP clones were classified into 1 or more of 12 subcellular 
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localisation categories. This data is freely available from the University of California San 
Francisco (UCSF) yeast GFP expression database: http://yeastgfp.ucsf.edu (Huh et al. 
2003). The yeast TAP-fusion library has so far been used to evaluate 4,562 tagged proteins 
and their protein-protein interactions; the core data set consists of 7,123 protein-protein 
interactions involving 2,708 proteins, and the entire data set is freely accessible from 
http://tap.med.utoronto.ca/ (Krogan et al. 2006).  
All these collections can be used in combination with each other, for example the Yeast 
TAP-fusion library in combination with the GFP tagged library has been used to classify and 
quantify the levels of proteins expressed during log phase growth, and it’s estimated that 
around 80% of the proteome is expressed during normal growth conditions (Ghaemmaghami 
et al. 2003; Huh et al. 2003). Some of these proteins, especially those essential proteins and 
transcription factors, were found to be expressed at such low levels that they would not be 
readily detectable using alternative proteomic techniques (Ghaemmaghami et al. 2003), and 
it is now possible to analyse the expression proteins under a range of different conditions 
using both these libraries as a basis, especially since the background strain used was 
BY4741, the parental strain of the YKO library. The Yeast-GFP library is commercially 
available through Invitrogen while the Yeast Tap fusion library has been made commercially 
available through Open Biosystems.  
The construction of these four very useful libraries which not only allow large scale analysis 
to be carried out and cross comparisons to each other because the background strain is the 
same, but also reduce the need for a researcher to construct a TAP/GFP/knockout strain of 
their gene of interest in the future, have made S. cerevisiae into an even more attractive 
model organism. Yet the resources available to study S. cerevisiae do not end there; there is 
also a HA-tagged collection of 2,400 yeast strains in a diploid background, available 
commercially from Open Biosystems. A large wide scale screen of the subcellular 
localisation of the yeast proteome has been carried out using this collection (Kumar et al. 
2002). Kumar et al., in 2002, reported that approximately 47% of yeast proteins are 
cytoplasmic, 13% mitochondrial, 13% exocytic and 27% nuclear; further analysis of the 
nuclear proteins revealed that 38% of this subset of proteins were associated with 
chromosomal DNA (Kumar et al. 2002). Data from this study is freely available from the Yale 
Genome Analysis centre - http://ygac.med.yale.edu/default.stm - on their Transposon-
Insertion Phenotypes, Localization, and Expression in Saccharomyces (TRIPLES) database: 
http://ygac.med.yale.edu/triples/triples.htm. 
The Andrews Laboratory at the University of Toronto, have created a Yeast-Glutathione     
S-transferase (GST) tagged collection (~ 5000 strains); over 80% of the S. cerevisiae 
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genome have been constructed into plasmids, with a GST tag at the N terminal, and are 
expressed under the control of the GAL1/10 promoter. Each ORF can be specifically over 
expressed when induced with galactose. Sopko et al., 2006, have used this collection to 
perform a genome-scale over expression study and showed that 15% of the over expressed 
genes reduced the rate of growth (Sopko et al. 2006), although they conclude that most 
genes do not compromise cellular fitness when over expressed. Sopka et al., 2006, 
examined the affect of over expression on cell toxicity, cell morphology and cell cycle arrest, 
interestingly, their study revealed 12 genes whose over expression led to the formation of 
multiple buds and 16 genes whose over expression led to multi-nucleated cells; it is possible 
that over expression of these genes lead to a defect in cell separation, see Appendix I, Table 
I-II respectively (Sopko et al. 2006).  The Yeast-GST tagged collection has been constructed 
in the BY4741 background, and has been utilised to map part of the Pho85 signalling 
pathway, indicating that this system may be used to identify target molecules regulated by 
specific signalling pathways (Sopko et al. 2006). 
Furthermore, Janke et al., 2004, have created 76 novel cassettes for use in yeast that 
comprise of different selection markers - two new markers: hphNTI (resistance to 
hygromycin B) and natNT2 (resistance to nourseothricin) - for N or C terminal tagging of 
proteins with a selection of tags such as GFP, Redstar2 (modified version of the red 
fluorescent protein from Discosoma coral), TAP, HA, etc. (Janke et al. 2004). The system is 
designed so that the same primer pair can be used to amplify more than one cassette 
making it cost and time effective (Janke et al. 2004). The entire set is available commercially 
from Euroscarf.  
This is in huge contrast to the limited amount of tools available to study C. glabrata; there 
are no knockout libraries or tagged libraries available to study C. glabrata. Although there is 
a database, Genolevures, devoted to C. glabrata and contains the genome of C. glabrata 
there is a striking difference compared to the S. cerevisiae database, SGD. SGD contains up 
to date information on all the genes and have annotated them as far as possible compiling 
all research, including large scale analysis such as the yeast-2-hybrid screen performed by 
Ito et al., 2001 (Ito et al. 2001), literature associated with your gene of interest, as well as a 
plethora of online tools to investigate your gene of interest e.g. the gene ontology tool allows 
you to characterise/ group your gene of interest with others based on molecular function, 
biological processes, localisation, etc. Genolevures can list the genome for your gene of 
interest and the protein sequence but beyond that the genes are mainly un-annotated and 
there is no reference listed of research associated with your gene of interest, see Table 1.1 
for a summary of resources and tools available to study S. cerevisiae in comparison to C. 
glabrata.  
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Phylogentically S. cerevisiae is more related to C. glabrata than C. glabrata is to C. albicans 
(Dujon et al. 2004; MacCallum et al. 2006). As the homology and functionality are shared 
between S. cerevisiae and C. glabrata for ACE2, the process of cell separation was 
investigated in S. cerevisiae as a surrogate for analysis of the C. glabrata ace2 
hypervirulence phenotype due to the plethora of resources and tools available in S. 
cerevisiae.  By understanding the cell separation machinery in S. cerevisiae the aim is to 
extrapolate back to the Candida species since parallel pathways can be drawn between the 
two species (Bruno et al. 2004).   
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Table 1.1: Summary of resources and tools available to study S. cerevisiae in comparison to C. 
glabrata. 
 S. cerevisiae C. glabrata 
Genome sequenced Entire genome of the strain S228C has 
been sequenced and is freely available 
from the Saccharomyces cerevisiae 
Genome Database (SGD): 
www.yeastgenome.org 
Entire genome of the strain 
2001 has been sequenced and 
is freely available from 
Genolevures database: 
http://cbi.labri.fr/Genolevures/ 
Comprehensive 
information of the 
molecular biology and 
genetics available 
Available from SGD. Limited information available 
from Genolevures. 
Large scale analysis 
data available e.g. 
Yeast-2-hybrid 
screens, CHIP 
analysis 
Available from SGD (Winzeler et al. 
1999; Ito et al. 2001; Giaever et al. 
2002; Ghaemmaghami et al. 2003; Huh 
et al. 2003; Mnaimneh et al. 2004; 
Sopko et al. 2006). 
- 
Knockout library of 
non-essential genes 
Created by a consortium of laboratories 
and commercially available from Open 
Biosystems (Winzeler et al. 1999; 
Giaever et al. 2002). 
- 
Library containing 
essential genes under 
the control of a 
tetracycline 
regulatable promoter 
Created by the Ted Hughes laboratory 
and commercially available from Open 
Biosystems (Mnaimneh et al. 2004). 
- 
TAP-fusion library Library constructed by Erin O’Shea and 
Jonathon Weissman at UCSF and 
commercially available from Open 
Biosystems (Ghaemmaghami et al. 
2003). 
- 
Green Fluorescent 
Protein (GFP) tagged 
library 
Library constructed by Erin O’Shea and 
Jonathon Weissman at UCSF (Huh et 
al. 2003). 
Commercially available from Invitrogen. 
- 
HA-tagged collection Collection commercially available from 
Open Biosystems 
(http://ygac.med.yale.edu/default.stm) 
- 
Yeast GST-tagged 
library 
Constructed by Andrews Laboratory at 
University of Toronto. Commercially 
available from Open Biosystems (Sopko 
et al. 2006) 
- 
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1.6 Aims and Objectives 
 
Our interest in studying Ace2 originally arose from the observation that Ace2 is a regulator of 
fungal virulence i.e. a hypervirulence phenotype was observed in C. glabrata ace2 cells 
(Kamran et al. 2004). ACE2 was therefore the first hypervirulence gene identified in Candida 
species. We hypothesise that a better understanding of the role of Ace2 in cell separation 
will yield insights that have implications for understanding its role in virulence. In addition 
increased understanding of cell separation has implications in other fields e.g. cell cycle 
regulation and cancer biology. It is therefore interesting in terms of fundamental biology.  
 
The principle aim of the study is to obtain a better understanding of the spatial and temporal 
nature of the cell separation machinery of S. cerevisiae and how this fundamental process is 
regulated. The recent identification of novel cell separation mutants e.g. gpi7 and lrg1 
indicate that other novel cell separation mutants remain unidentified. Identification of novel 
cell separation mutants may give insights in how Ace2 is regulated and its effectors, leading 
to a greater understanding of the cell separation machinery in S. cerevisiae. This would give 
indications to the role Ace2 plays in cell separation, and elucidating how Ace2 is regulated 
may lead to a greater understanding in its role as a virulence factor, especially since 
Bourens et al., 2007, have published data to suggest that Ace2 is not activated by the RAM 
network, but instead relies on Cbk1 and the RAM network for its localisation within the 
daughter cell to induce asymmetric division in mother and daughter cells (Bourens et al. 
2007). 
 
By taking advantage of the vast resources available to investigate S. cerevisiae, a screen of 
the YKO and Tet-YKO libraries can be carried out to identify novel cell separation mutants 
by looking specifically for strains that do not undergo separation. Once compilation of all the 
cell separation mutants observed from the screen is complete, further analysis will be 
undertaken by categorising the strains using the Gene Ontology tool available from SGD to 
identify novel GO groups not predicted to be involved in cell separation. These strains will be 
chosen for further investigation in the hope of elucidating the spatial and temporal nature of 
the S. cerevisiae cell separation machinery. 
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Chapter 2: General Materials and Methods 
 
All chemicals, unless otherwise stated, were purchased either from Sigma or Fisher 
Chemicals. Unless stated, all solutions used throughout this study were either autoclaved in 
a standard autoclave cycle or filter sterilised using the appropriate sized filter unit provided 
by Nalgene.  
 
2.1 Yeast, Bacterial Strains and Plasmids 
Strains and plasmids utilised during the course of this study are listed below. The 
construction of strains will be discussed in Chapter 5.  
 
2.1.1 Yeast Strains 
Yeast strains used during the course of this study are listed in Table 2.1. 
 
2.1.2 Bacterial Strains 
The bacterial strains used throughout this study are as noted in Table 2.2. 
 
2.1.3 Plasmids 
Plasmids used throughout this study are as noted in Table 2.3. 
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Table 2.1: Yeast strains used during the course of the study 
Strain Details Genotype Origin 
    
BY4741 Derived from S. cerevisiae 
S288C 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0 
Parental control of the 
YKO MATa library – Open 
Biosystems  (Giaever et 
al. 2002) 
YKO 
library 
strains 
Derived from S. cerevisiae 
S288C 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, KanMX 
The Saccharomyces 
Genome Deletion Project 
YKO library – Open 
Biosystems  (Giaever et 
al. 2002) 
HH1 Derived from S. cerevisiae 
BY4741. Ace2 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, ACE2-GFP 
This study 
HH2 Derived from S. cerevisiae 
BY4741. Cbk1 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, CBK1-GFP 
This study 
HH3 Derived from S. cerevisiae 
BY4741. Kap104 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, KAP104-GFP 
This study 
HH4 Derived from S. cerevisiae 
BY4741. Sdm1 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, SDM1-GFP 
This study 
HH5 Derived from S. cerevisiae 
BY4741. Yrb2 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, YRB2-GFP 
This study 
HH6 Derived from S. cerevisiae 
BY4741. Ace2 C terminally 
tagged TAP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, KanMX, ACE2-TAP 
This study 
HH7 Derived from S. cerevisiae 
BY4741. Sdm1 C terminally 
tagged TAP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, KanMX, SDM1-TAP 
This study 
HH8 Derived from HH2. Ace2 C 
terminally tagged Redstar2 
strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, natNT2, CBK1-GFP, 
ACE2-REDSTAR2 
This study 
HH9 Derived from HH2. Sdm1 C 
terminally tagged Redstar2 
strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, natNT2, CBK1-GFP, 
SDM1-REDSTAR2 
This study 
HH10 Derived from HH3. Ace2 C 
terminally tagged Redstar2 
strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, natNT2, KAP104-GFP, 
ACE2-REDSTAR2 
This study 
HH11 Derived from HH3. Sdm1 C 
terminally tagged Redstar2 
strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, natNT2, KAP104-GFP, 
SDM1-REDSTAR2 
This study 
HH12 Derived from HH4. Ace2 C 
terminally tagged Redstar2 
strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, natNT2, SDM1-GFP, 
ACE2-REDSTAR2 
This study 
HH13 Derived from HH5. Sdm1 C 
terminally tagged Redstar2 
strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, HIS3, natNT2, YRB2-GFP, 
SDM1-REDSTAR2 
This study 
HH14 Derived from the S. cerevisiae 
Δsdm1 strain from the YKO 
library. Cts1 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, KanMX, HIS3, CTS1-GFP 
This study 
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HH15 Derived from S. cerevisiae 
Δace2 strain from the YKO 
library. Cts1 C terminally 
tagged GFP strain. 
MATa, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, KanMX, HIS3, CTS1-GFP 
This study 
HH16 Derived from S. cerevisiae 
Δsdm1 strain from the YKO 
library. Ace2 C terminally 
tagged GFP strain. 
MATa , his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, KanMX, HIS3, ACE2-GFP 
This study 
BY4742 Derived from S. cerevisiae 
S288C 
MAT , his3Δ1, leu2Δ0, lys Δ0, 
ura3Δ0 
Parental control of the 
YKO MAT library -  
Open Biosystems  
(Giaever et al. 2002) 
YKO 
library 
strains 
Derived from S. cerevisiae 
S288C 
MAT , his3Δ1, leu2Δ0, lys Δ0, 
ura3Δ0, KanMX 
The Saccharomyces 
Genome Deletion Project 
YKO library - Open 
Biosystems  (Giaever et 
al. 2002) 
BY4343 Derived from S. cerevisiae 
S288C 
MATa , MAT, his3Δ1, leu2Δ0, lys 
Δ0, met15Δ0, ura3Δ0 
Parental control of the 
YKO Mata, MAT library - 
Open Biosystems  
(Giaever et al. 2002) 
R1158 Derived from S. cerevisiae 
BY4741 
MATa, URA3:: CMV-tTA, his3-1, 
leu2-0, met15-0 
Parental control of the 
Tet-YKO library - Open 
Biosystems   (Mnaimneh 
et al. 2004) 
Tet-YKO 
library 
Derived from S. cerevisiae 
BY4741 
MATa, URA3:: CMV-tTA, his3-1, 
leu2-0, met15-0 
The Tetracycline 
regulatable promoter 
Hughes Yeast Knockout 
library (Tet-YKO/yTHC) - 
Open Biosystems 
(Mnaimneh et al. 2004) 
Yeast 
GFP 
library 
Derived from S. cerevisiae 
BY4741 
MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0, HIS3, GFP 
Yeast GFP library – 
Invitrogen (Huh et al. 
2003) 
CG1945 Derived from S. cerevisiae 
HF7c (ref) 
MATa, ura3-52, his3-200, ade2-101, 
lys2-801, trp1-901, leu2-3, 112, gal4-
542, gal80-538, cyh
r
2, 
LYS2::GAL1UAS-GAL1TATA HIS3, 
URA3:: GAL417-mers(x3)-CYC1TATA-lacZ 
Gift from Mick Tuite, 
University of Kent. 
    
GS115 Derived from Pichia pastoris 
NRRL Y-11430 
his4 Gift from Ali Ryan and 
Steven Curry, Imperial 
College London (Cregg et 
al. 1985) 
Continued from the previous page.  
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Table 2.2: Bacterial strains used during the course of this study 
Strain Detail Genotype Origin 
    
XL-10 Derivative of 
Escherichia coli K-12. 
endA1 glnV44 recA1 thi-1 gyrA96 
relA1 lac Hte Δ(mcrA)183 Δ(mcrCB-
hsdSMR-mrr)173 tet
R
 F'[proAB 
lacI
q
ZΔM15 Tn10 
Lab stock 
NovaBlue Derivative of 
Escherichia coli K-12. 
endA1 hsdR17 (
r
k12
-
 mk12
+
) supE44 
thi-1 recA1 gyrA96 relA1 lacF 
[proA
+
B
+
 lacI
q
 ZΔM15::Tn10 (Tc
R
) 
Novagen 
Origami Derivative of 
Escherichia coli K-12. 
Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII 
phoR araD139 ahpC galE galK rpsL 
F[lac
+
lacI pro] gor522::Tn10trxB 
(Kan
R
,Str
R
,Tet
R
) 
Gift from Ernesto 
Cota-Segura, 
Imperial College 
London 
Rosetta Derivative of 
Escherichia coli BL21. 
F
-
 ompT hsdSB(rB
-
mB
-
) gal dcm 
pRARE (Cam
R
) 
Gift from Ernesto 
Cota-Segura, 
Imperial College 
London 
Rosetta-gami Derivative of 
Escherichia coli 
Origami 
Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII 
phoR araD139 ahpC galE galK rpsL 
F[lac
+
lacI
q
 pro] gor522::Tn10trxB 
pRARE (Cam
R
, Kan
R
,Str
R
,Tet
R
) 
Gift from Ernesto 
Cota-Segura, 
Imperial College 
London 
S. 
Typhimurium 
12023 
Derivative of 
Salmonella 
Typhimurium 12023. 
Carries the 
constitutively 
expressing GFP 
plasmid, pFPV25.1 
(Valdivia et al. 1996) 
rpsM::gfpmut3a promoter fusion in 
pFPV25 
Gift from John 
Poh and David 
Holden, Imperial 
College London 
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Table 2.3: Plasmids used during the course of the study 
Plasmid Description Source 
   
pGBT9 Yeast 2-hybrid bait vector containing the 
GAL4 DNA binding domain. TRP1 and 
Ap
R
 markers. 
Gift from Mick Tuite, University 
of Kent 
pGAD424 Yeast-2-hybrid prey vector containing the 
GAL4 activation domain. LEU2 and Ap
R
 
markers. 
Gift from Mick Tuite, University 
of Kent 
pUKC601 SUP45 cloned into pGBT9 Gift from Mick Tuite, University 
of Kent 
pUKC605 SUP35 cloned into pGAD424 Gift from Mick Tuite, University 
of Kent 
pG-DD CPF1 cloned into pGBT9 Gift from Mick Tuite, University 
of Kent 
pPIC9K Pichia expression vector for multicopy 
integration and secreted expression. 
HIS3, Ap
R
, and Kan
R
 markers. 
Gift from Ernesto Cota-Segura, 
Imperial College London 
pET32 Xa/LIC Cloning and protein expression vector. 
Ap
R
 marker. 
Novagen 
pYM13 Plasmid for C-terminal tagging of the 
TAP cassette with kanMX marker. 
Janke et al. (Janke et al. 2004) 
pYM43 Plasmid for C-terminal tagging of 
Redstar2 cassette with natNT2 marker. 
Janke et al. (Janke et al. 2004) 
pYM44 Plasmid for C-terminal tagging of GFP 
cassette with HIS3 marker. 
Janke et al. (Janke et al. 2004) 
   
 
2.2 Culturing Strains 
 
2.2.1 Yeast 
Yeast cells were either cultured non-selectively in yeast extract peptone dextrose (YPD) or 
selectively in yeast nitrogen base (YNB) without amino acids with the required amino acids 
added back to the medium using specially formulated amino acid drop-out mixtures supplied 
by Formedium at 30oC, 180 rpm. YPD is composed of 1% (w/v) yeast extract, 2% (w/v) 
bactopeptone and 2 % (w/v) glucose, while YNB is composed of 0.67% (w/v) yeast nitrogen 
base without amino acids, 2% (w/v) glucose and the volume of appropriate drop-out amino 
acid mixtures as per manufacturer’s instructions. Solid medium was made by the addition of 
2% (w/v) agar to the final composition. All growth media was sterilised using a standard 
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autoclave cycle. The composition of the media was made up according to Guthrie et al., 
1991 (Guthrie 1991). 
 
2.2.2 Bacterial Strains 
Bacterial strains were routinely grown overnight in luria broth (LB) composed of 0.5% (w/v) 
NaCl, 0.5% (w/v) yeast extract and 1% (w/v) bactotryptone with the addition of an antibiotic 
depending on their selection at 37oC, 180 rpm. For solid medium, 2% (w/v) agar was added 
to the LB.  
 
2.3 Molecular Techniques 
2.3.1 Genomic Extraction of Yeast DNA 
Genomic extractions of yeast DNA were either performed using the Epicentre Master Pure 
Yeast DNA Purification Kit from Cambio, as per manufacturer’s instructions, or a modified 
version of the method described by Hoffman and Winston, 1987 (Hoffman et al. 1987). 
A 10 ml yeast culture was grown overnight at 30oC, 180 rpm, and centrifuged at 3,000 rpm 
for 5 min. Cells were re-suspended in 500 l of double distilled water (ddH2O) and 
transferred to a 2 ml safelock eppendorf. Cells were harvested at 13,000 rpm for 10 sec, the 
supernatant was discarded and the cells were re-suspended in the residual solution. 
Approximately 0.3 g of glass beads, 200 l genomic extraction buffer (GE buffer – 100 M 
NaCl, 10 mM Tris-HCl pH8, 1 mM EDTA pH8, 2% (v/v) triton–x-100, 1% (v/v) SDS), and 200 
l phenol: chloroform: isoamyl alcohol (25:24:1) was added and the samples were vortexed 
at top speed for 4 min. Then, 200 l TE buffer (10 mM Tris-HCl pH8, 1 mM EDTA pH8) was 
added and the samples were further vortexed for 10 sec at top speed. Samples were 
centrifuged at 13,000 rpm for 10 min and the aqueous layer was transferred to a new 
eppendorf. Approximately 1 ml ice-cold 100% (v/v) ethanol was added; samples were 
inverted 4-6 times, and incubated at either -20oC overnight or -80oC for a minimum of an 
hour.  
Samples were centrifuged at 13,000rpm for 5 min, the supernatants were discarded, and the 
pellet was re-suspended in 400 l TE buffer, pH8 and 3 l of 10mg/ml RNase A, and 
incubated at 37oC for 1 hour. After an hour, 10 l 4 M ammonium acetate and 1 ml ice-cold 
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100% (v/v) ethanol was added and the samples were inverted 4-6 times to mix. Samples 
were centrifuged at 13,000 rpm for 5 min, air dried, and washed in 1 ml ice-cold 100% (v/v) 
ethanol before been centrifuged at 13,000 rpm for 5 min. The pellet was further washed with 
1 ml ice-cold 70% and 100% (v/v) ethanol, respectively, with an air-dry step between each 
wash. The air-dried pellet was re-suspended in 50 l TE buffer, pH8, 5 l 3 M sodium 
acetate, pH 5.3 and 150 l ice-cold 100% (v/v) ethanol. Samples were vortexed briefly prior 
to incubating overnight at -20oC. The DNA pellets were recovered by centrifugation at 
13,000 rpm for 15 min and removal of the supernatant. The pellets were washed with 1 ml 
100% (v/v) ice-cold ethanol, centrifuged at 13,000 rpm for 10 min, and air-dried for 
approximately 10 min, before been re-suspended in 50 l TE buffer, pH8. The genomic DNA 
was stored at -20oC. 
 
2.3.2 Southern Analysis 
Southern analysis was performed by using a slightly modified version of that described by 
Southern, 1975 (Southern 1975). 
After the appropriate restriction digests were performed on 5 g genomic DNA, the DNA was 
run out on a 1% (w/v) agarose DNA gel made with tris-borate-EDTA buffer (TBE - 4 mM 
EDTA, 0.089 M trizma base, pH8); the agarose was dissolved in TBE buffer by microwaving 
at full power for approximately 1 minute and 30 seconds before being allowed to cool to 
50oC. Samples were run at 100V for approximately 2-3 hours in TBE buffer, until the 
samples had run to the bottom of the gel. The DNA gel was then stained for 30 min in 100 ml 
TBE buffer with 25 µl of Sybersafe (Invitrogen) at room temperature with gentle agitation. 
After 30 minutes, the DNA samples were viewed using the Alphamager EC system from 
Alpha Innotech. 
The gel was de-purinated in 250 mM HCl for 15 min with agitation, washed 10 min in ddH2O, 
before being denatured twice in denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 15 min 
with agitation. The gel was further washed for 10 min in ddH2O, before being neutralised 
twice in neutralisation solution (0.5 M Tris-HCl, 1.5 M NaCl, pH7.2) for 15 min with gentle 
agitation. The gel was then washed for 10 min in ddH2O, before being equilibrated in 20X 
SSC (3M NaCl, 0.3M sodium citrate, pH7). The gel was set up to transfer overnight onto a 
positively charged nylon membrane (Roche) as shown in Figure 2.1.  
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Figure 2.1: Schematic of the transfer blot for southern and northern analysis. For northern blot 
transfers, 10xSSC is used in place of 20xSSC solution.  
 
After transfer, the DNA was fixed to the membrane by using the autocrosslink function on a 
Stratagene UV Stratalinker 1800. The DIG Easy Hyb solution, from Roche, was pre-warmed 
to the hybridisation temperature (Thyb) of the probe. Thyb of the probe was worked out by 
using Equation 1 and Equation 2:   
                                     Tm = 49.82 + 0.41 (% G+C) – 600/l                                     Equation 1 
Thyb = Tm – (20
0C to 250C)              Equation 2 
Where Tm = melting point of probe-target hybrid, (% G + C) = % of G and C residues in probe 
sequence, Thyb = Optimal temperature of hybridisation of probe to target in DIG Easy Hyb, l = length of 
hybrid in base pairs. NB: This formula is based on probes having around 40% GC content and 80-
100% homology to the target. 
  
The membrane was pre-hybridised at the Thyb in DIG Easy Hyb solution for 1-3 hours, with 
gentle agitation.  
Probes for the southern analysis were amplified using the PCR DIG Probe Synthesis Kit 
(supplied by Roche) following the manufacturer’s instructions. The primers used to amplify 
the probes for the southern analysis are listed in Table I, Appendix II. Approximately, 50 ng 
of the amplified probe was made up to a final volume of 50 µl with ddH2O, and denatured at 
100oC for 5 min before being chilled immediately on ice. The entire denatured probe (50 µl) 
was added to 10 ml DIG Easy Hyb solution, pre-warmed to the Thyb, and mixed. The 
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membrane was incubated overnight in the pre-warmed DIG Easy Hyb solution containing the 
probe at the Thyb with gentle agitation.  
In the morning, the membrane was washed twice in low stringency buffer (2XSSC, 0.1% 
(v/v) SDS) for 5 min at room temperature, and then twice in high stringency buffer (0.5 x 
SSC, 0.1% (v/v) SDS), pre-warmed to 65oC, for 15 min at 65oC with gentle agitation. The 
membrane was briefly washed in washing buffer (0.3% (v/v) tween, 1 M maleic acid, pH7.5) 
for 2 min at room temperature under gentle agitation, before being blocked in blocking 
solution (1% (w/v) blocking reagent, 1 M maleic acid, pH7.5) for a minimum of an hour, but 
up to a maximum of 3 hours, at room temperature. 
The antibody, Anti-Digoxigenin-AP Fab fragments, from Roche, was centrifuged at 10,000 
rpm for 5 min, 3 µl of the antibody was taken from the top of the antibody solution and added 
to 30 ml blocking solution (1 in 10,000 dilution); the membrane was incubated in this solution 
for 30 min at room temperature with gentle agitation. After 30 min, the membrane was 
washed twice in washing buffer for 15 min, before being equilibrated in detection buffer (0.1 
M Tris-HCl, 0.1 M NaCl, pH 9.5) for 3 min at room temperature, again with gentle agitation.  
CDP-Star from Roche was then added to the membrane as per manufacturer’s instructions. 
The membrane was incubated for 5 min at room temperature, and the membrane 
subsequently developed by exposing it onto Kodak X-Omat AR Scientific Imaging Film 
(Kodak) using a AGFA Curix 60 developer.  
 
2.3.3 Extraction of Yeast RNA 
All solutions used during these extractions were made using ddH2O treated with diethyl 
pyrocarbonate (DEPC). Any ddH2O used during the course of this extraction was treated 
with DEPC prior to use.  
A 10 ml culture was grown overnight at 30oC, 180 rpm, harvested at 3,000 rpm for 5 min, 
and the supernatant discarded. The pellet was washed in 1 ml ice-cold ddH2O and re-
suspended in 400 µl TES (10 mM Tris-HCl, pH 7.5, 10 mM EDTA, 0.5% (v/v) SDS). Then, 
400 µl of acid phenol was added to the sample, and the sample was vortexed for 10 sec at 
top speed. The sample was incubated at 65oC for 1 hour; during this period, the sample was 
vortexed at top speed for 10 sec every 15 min. After an hour, the sample was transferred to 
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ice for 5 min, centrifuged at 13,000 rpm for 5 min, and the top aqueous phase was 
transferred to a new eppendorf.  
Next, 400 µl acid phenol was added to the aqueous layer, and the sample was vortexed for 
10 sec at top speed. The sample was centrifuged at 13,000 rpm for 5 min, and again, the top 
aqueous layer was transferred to a fresh eppendorf containing 400 l chloroform. The 
sample was vortexed for 10 sec at top speed, and then centrifuged at 13,000 rpm for 5 min.  
As before, the top aqueous phase was transferred to a fresh eppendorf; this time containing 
40 l 3 M sodium acetate, pH 5.2. Approximately 1 ml ice-cold 100% (v/v) ethanol was 
added to the sample, and the sample was mixed by inversion before being incubated at –
80oC for an hour.  
After an hour, the sample was centrifuged at 13,000 rpm for 5 min, the supernatant was 
discarded, and the pellet was washed with 1 ml ice-cold 70 % (v/v) ethanol. The pellet was 
air dried and re-suspended in 50 l ddH2O and stored at -80
oC.  
 
2.3.4 Northern Analysis 
All solutions used during these northerns were made using ddH2O treated with DEPC. Any 
ddH2O used during the course of these northerns was treated with DEPC prior to use.  
RNA samples were denatured by taking 5 g RNA and mixing with 11.25 l DMSO, 0.45 l 
100 mM phosphate buffer, pH7 and 3.3 l glyoxal, and incubating the samples at 50oC for 1 
hour. After an hour, the samples were immediately transferred to ice and 6 l RNA loading 
buffer (80% (v/v) formamide, 1 mM EDTA, pH8, 0.1% (w/v) bromophenol blue, 0.1% (w/v) 
xylene cyanol) was added to each sample. The RNA samples were loaded onto a 1% (w/v) 
DNA agarose gel made with 10 mM phosphate buffer, pH7, and run at 100V for 2-3 hours 
until the RNA samples had run two-thirds of the way down the gel. Once the gel had 
finished, the RNA gel was stained for 30 min in 100 ml 10 mM phosphate buffer, pH7 with 25 
µl of Sybersafe (Invitrogen), at room temperature with agitation. After 30 min, the RNA 
samples were viewed using Alphamager EC system from Alpha Innotech. The gel was set 
up to transfer overnight onto a positively charged nylon membrane (Roche) as shown in 
Figure 2.1, unlike with the southern analysis, the filter papers used during the northern 
transfer of the samples to the membrane were soaked in 10xSSC solution instead of 
20XSSC solution.   
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After transfer, the membrane was rinsed briefly in ddH2O before being fixed to the 
membrane by using the autocrosslink function on a Stratagene UV Stratalinker 1800. The 
membrane was then further fixed by incubating it in 5% (v/v) acetic acid with gentle agitation 
for 10 min. After 10 min, the membrane was stained with methylene blue solution (0.4 M 
sodium acetate, 0.4 M acetic acid, 0.2% (w/v) methylene blue) for 10 min to observe the 
RNA loading volumes for each lane. Excessive methylene blue staining was removed by 
briefly washing the membrane in ddH2O.  The membrane was then incubated at 50
oC with 
pre-warmed DIG Easy Hyb buffer to 50oC for 1-3 hours with gentle agitation. 
Probes for the northern analysis were amplified using the PCR DIG Probe Synthesis Kit 
(supplied by Roche) following the manufacturer’s instructions. The primers used to amplify 
the probes for the northern analysis are listed in Table II, Appendix II.  Approximately, 50 ng 
of the amplified probe was made up to a final volume of 50 µl with ddH2O, and denatured at 
100oC for 5 min before being chilled immediately on ice. The entire denatured probe (50 µl) 
was added to 10 ml DIG Easy Hyb solution, pre-warmed to 50oC, and mixed. The membrane 
was incubated overnight in the pre-warmed DIG Easy Hyb solution containing the probe at 
50oC with gentle agitation.  
In the morning, the membrane was washed twice in low stringency buffer (2XSSC, 0.1% 
(v/v) SDS) for 5 min at room temperature, and then twice in high stringency buffer (0.5 x 
SSC, 0.1% (v/v) SDS), pre-warmed to 50oC, for 15 min at 50oC with gentle agitation. The 
membrane was briefly washed in washing buffer (0.3% (v/v) tween, 1 M maleic acid, pH7.5) 
for 2 min at room temperature under gentle agitation, before being blocked in blocking 
solution (1% (w/v) blocking reagent (Roche), 1 M maleic acid, pH7.5) for a minimum of an 
hour, but up to a maximum of 3 hours, at room temperature. 
The antibody, Anti-Digoxigenin-AP Fab fragments, from Roche, was centrifuged at 10,000 
rpm for 5 min, 3 µl of the antibody was taken from the top of the antibody solution and added 
to 30 ml blocking solution (1 in 10,000 dilution); the membrane was incubated in this solution 
for 30 min at room temperature with gentle agitation. After 30 min, the membrane was 
washed twice in washing buffer for 15 min, before being equilibrated in detection buffer (0.1 
M Tris-HCl, 0.1 M NaCl, pH 9.5) for 3 min at room temperature, again with gentle agitation.  
CDP-Star from Roche was then added to the membrane as per manufacturer’s instructions. 
The membrane was incubated for 5 min at room temperature, and the membrane developed 
by exposing it onto Kodak X-Omat AR Scientific Imaging Film (Kodak) using a AGFA Curix 
60 developer. 
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2.3.5 Yeast Transformation 
Yeast transformation was performed by either using lithium acetate as described by Ito et al., 
1983 (Ito et al. 1983), or by using a slightly modified version: 
Between 500-1000ng of plasmid to be transformed was mixed with 10 l of herring sperm 
DNA (10 mg/ml), 500 l plate mix (50% (w/v) PEG 4000, 0.1 M lithium acetate, 10 mM Tris-
HCl, pH 7.5, 0.025 mM EDTA, pH8) in an eppendorf. A single large colony of the yeast to be 
transformed was picked from an agar plate and added to the mix. The mixture was vortexed 
vigorously for 10 sec at top speed, and left at room temperature for 16-20 hours. After 16-20 
hours, 200 l of this mixture was plated out onto the appropriate selective medium and 
incubated at 30oC for 2-5 days (until colonies appeared). This modified transformation 
procedure was only used for transforming plasmids into yeast. 
 
2.3.6 Preparation of Competent E. coli Cells and E. coli Transformation 
A single E. coli colony was inoculated into 5 ml LB broth and incubated overnight at 37oC, 
180 rpm. In the morning, the culture was sub-cultured 1:20 into 100 ml LB broth in 1 L 
conical flask and grown till A550 reached 0.48. The culture was chilled on ice for 5 min and 
harvested at 5,000 rpm, 4oC for 5 min before being re-suspended in 40 ml ice-cold TfbI (30 
mM potassium acetate, 100 mM KCl, 10 mM CaCl2.2H2O, 50 mM MnCl2.4H2O, 15% (v/v) 
glycerol, pH 5.8 –  the pH was adjusted using 0.2 M acetic acid). The mixture was chilled on 
ice for 5 min and centrifuged at 5,000 rpm, 4oC for 5 min and re-suspended in 4 ml ice-cold 
TfbII (10 mM MOPs, 75 mM CaCl2, 10 mM KCl, 15% (v/v) glycerol, pH6.5 – the pH was 
adjusted using 3 M KOH), and chilled on ice for 15 min. Cells were aliquoted into 100 µl 
aliquots, snap frozen in liquid nitrogen, and stored at -80oC for future use.  
Plasmids were transformed into competent E. coli cells as previously described by Hanahan 
et al.,1983 (Hanahan 1983). 
 
2.3.7 Oligonucleotides 
Oligonucleotides used during the course of this study are all listed in Appendix II. All 
oligonucleotides were synthesized by Sigma Genosys. 
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2.3.8 Polymerase Chain Reaction (PCR) 
Polymerase chain reactions were carried out as per manufacturer’s instructions for each 
polymerase used. The polymerases used in this study are listed in Table 2.4.  
 
Table 2.4: List of Taq polymerases used during this study for PCR 
Polymerase Origin 
  
Advantage-2- polymerase Takara 
BioXact-Short New Bioline 
BioXact-Long New Bioline 
Platinum Hi-fi TAQ Invitrogen 
Platinum TAQ Stratagene 
RedTAQ Sigma 
TAQ DNA polymerase Fermentas 
Vent TAQ New England Biolabs 
 
2.3.9 Purification of DNA 
2.3.9.1 Purification of Genomic DNA or Digested Plasmid DNA 
Digested plasmid DNA or extracted genomic DNA was purified using a method that was 
adapted from Sambrook et al.,1989 (Sambrook 1989). Exactly one-tenth volume of 3 M 
sodium acetate, pH5.6 and 3 volumes of ice-cold 100% (v/v) ethanol was added to the 
sample. The sample was incubated at –20oC for a minimum of 30 min to overnight, and 
centrifuged at 13,000 rpm for 15 min. The supernatant was discarded and the pellet washed 
in 750 l of ice-cold 70% (v/v) ethanol before being centrifuged at 13,000 rpm for 15 min. 
The supernatant was discarded and the DNA pellet air-dried before being dissolved in 50 l 
TE buffer. 
Alternatively, digested plasmid DNA was purified using a Qiagen or Sigma PCR purification 
kit or Gel extraction kit following the manufacturer’s instructions.  
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2.3.9.2 Purification of PCR Products 
PCR products were purified using the Qiagen or Sigma PCR purification kit following the 
manufacturer’s instructions.  
 
2.3.9.3 Purification of Plasmid DNA from E. coli 
Transformed colonies were inoculated into 5 ml LB with the appropriate selective antibiotic 
and cultured overnight at 37oC, 180 rpm. The plasmid was extracted using either a Qiagen 
or Sigma mini prep kit following the manufacturer’s instructions.  
 
2.3.10 DNA Electrophoresis 
Agarose gels were made up as 1% (w/v) agarose DNA gel in TBE  buffer (4 mM EDTA, 
0.089 M trizma base, pH8); the agarose was dissolved in TBE buffer by microwaving at full 
power for approximately 1 minute and 30 seconds before being allowed to cool to 50oC. 
Sybersafe (Invitrogen) was added to the gel mixture as per manufacturer’s instructions, and 
the mixture was poured into a gel cast with the appropriate sized combs and allowed to set 
for 30 min. Once the gel had set, TBE buffer was added to the tank, enough to cover the gel, 
and the DNA samples loaded. The gel was run at 70V for approximately 40 min, until the 
samples had run to the bottom of the gel, and the DNA was imaged using the Alphamager 
EC system from Alpha Innotech. 
DNA samples were loaded using a 4x DNA loading buffer (4% (w/v) sucrose, 0.26% (w/v) 
bromophenol blue), while the marker used was a 1kb DNA ladder from New England Biolabs 
with a range of 0.5kb – 10kb.  
 
2.3.11 Restriction Enzyme Digests 
Restriction enzymes were purchased either from Fermentas or New England Biolabs and 
digests were set up according to manufacturer’s instructions. If a double digest needed to be 
performed with no compromise buffer available for efficient digest of DNA, the buffer One 
Phor All (OPA) (Pharmacia) was substituted for the recommended buffers for each enzyme, 
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and the digest carried out. Alternatively, a sequential digest was carried out with a 
purification step performed between digests.  
Digests were normally purified using the Qiagen or Sigma PCR purification kit as per 
manufacturer’s instructions after the reactions were stopped; the digests were stopped by 
denaturing the enzymes at their respective denaturing temperatures for 20 min. If the DNA 
being digested was a plasmid to be used in cloning, then the digested vector was 
dephosphorylated using calf alkaline phosphatase, from New England Biolabs, as per 
manufacturer’s instructions.  
 
2.3.12 Ligation 
Ligations were carried out using the T4 DNA ligase from New England Biolabs as per 
manufacturer’s instructions. The concentration of insert DNA to add with 50ng of vector DNA 
was determined using Equation 3: 
 
Equation 3 
 
Typical insert:vector ratios used were; 3:1, 7:1, 1:1, 1:3, and 1:7.  
 
2.3.13 Quantification and Sequencing of DNA 
Quantification of DNA was carried out by using a Nanodrop ND-1000 Spectrophotometer 
from Labtech. Sequencing of the DNA was carried out by the Medical Research Center 
Sequencing Service based at Hammersmith Hospital, Imperial College London.   
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2.4 Protein Methods 
2.4.1 Extraction of Proteins from Yeast 
Yeast cells were cultured to exponential phase and cells harvested at 3,000 rpm, 5 min. 
Cells were washed with 1 ml ddH2O and re-suspended in 50 l lysis buffer (100 mM NaCl, 
1x PBS, 100 mM PMSF, 1 EDTA-free protease inhibitor tablet (Roche), glass beads were 
then added to the meniscus. Samples were then lysed by vortexing four times for 30 sec at 
top speed, at 4oC, with a minute on ice between each vortex. Following lysis of the cells, an 
additional 100 l of lysis buffer was added to the samples, and the samples further vortexed 
for 10 sec at top speed, at 4oC. Samples were allowed to settle for 5 min on ice before the 
supernatant (protein lysate) was carefully transferred to a fresh eppendorf for further 
analysis.  
 
2.4.2 SDS-PAGE  
2.4.2.1 Casting a SDS-PAGE Gel 
SDS-PAGE gels were cast according to the specifications listed in Table 2.5. 
Table 2.5: Composition of the resolving gel for a 7.5%, 10%, and 12.5% SDS PAGE gel. All volumes 
are shown in µl.  
Stock solutions 7.5% 10% 12.5% 
    
30% (w/v) Acrylamide 4800 6400 8000 
ddH2O 6700 5100 3500 
1 M Tris-HCl pH 7.8 7500 7500 7500 
20% (v/v) SDS 100 100 100 
10% (w/v) Ammonium 
persulphate 
100 100 100 
TEMED 15 15 15 
 
Once the cast, from Invitrogen, was set up according to the manufacturer’s instructions, the 
resolving gel was slowly added, followed by the addition of a layer of ddH2O. The resolving 
gel was then allowed to set for 45 min.  After 45 min, the layer of ddH2O was carefully 
removed using filter paper, and the stacking gel (1.7 ml 30% (w/v) acrylamide, 1.25 ml 1M 
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Tris-HCl, pH6.8, 7 ml ddH2O, 50 µl 20% (v/v) SDS, 50 µl 10% (w/v) ammonium persulphate, 
8 µl TEMED) was slowly added. The comb was inserted into the gel and the gel was allowed 
to set for 45 min. After 45 min, the gel was ready to be used.   
2.4.2.2 SDS-PAGE  
The SDS-PAGE gel was set up in the XCell-SureLock Mini Cell electrophoresis tank, from 
Invitrogen, as per manufacturer’s instructions. The protein samples were mixed with 4x SDS 
sample loading buffer (60 mM Tris-HCl, pH6.8, 25% (v/v) glycerol, 2% (v/v) SDS, 10% (v/v) 
-mercaptoethanol, 0.1% (w/v) bromophenol blue), and boiled for 5 min at 100oC. Protein 
samples were spun down briefly and loaded onto the appropriate percentage SDS-PAGE 
gel. The gel was run in SDS-PAGE running buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% 
(v/v) SDS) at 150V until protein samples reached the end of the gel. The molecular protein 
marker used was either the Mark12-Protein standard from Invitrogen, which has a range of 
2.5-200kDa or the Protomarker from National Diagnostics which has a range of 20-190kDa. 
 
2.4.3 Western Blotting 
This method was adapted from Towbin et al., 1979 (Towbin et al. 1979). Gels were 
transferred to Hybond-N membrane, from Amersham, in transfer buffer (25 mM Tris base, 
192 mM glycine, 20% (v/v) methanol) as per manufacturer’s instructions using Invitrogen’s 
XCell-SureLock Mini Cell XII Blot module.  
After transfer, membranes were blocked for a minimum of an hour (can be extended to 
overnight) in 5% (w/v) milk, from Marvel, in PBS (137 mM NaCl, 1.47 mM KH2PO4, 2.68 mM 
KCl, 8.1 mM Na2HPO4.12H2O), before being incubated with primary antibody (in 5% (w/v) 
milk PBS solution) for a minimum of an hour with gentle agitation at room temperature, 
although this can be extended to overnight if left at 4oC.  After the primary antibody 
incubation, membranes were washed three times in PBS-Tween (0.001% (v/v) tween-20 in 
PBS solution) for 10 min at room temperature. Membranes were then incubated with the 
secondary antibody in PBS solution for one hour with gentle agitation at room temperature. 
After an hour, the membrane was washed three times with PBS-Tween for 10 min. 
Membranes were then developed using homemade ECL solution 1(12.5 M luminol/3-
aminophthalhydrazide in DMSO, 19.8 M coumaric acid in DMSO, 5 mM Tris-HCl, pH8.5) 
and ECL solution 2 (5 mM Tris-HCl, pH8.5, 0.064% (v/v) H2O2) in a 1:1 ratio. Membranes 
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were incubated with ECL solution 1 and 2 in a 1:1 ratio for 30 seconds before being exposed 
onto Kodak X-Omat AR Scientific Imaging Film using a AGFA Curix 60 developer. 
During all incubations and washings the membrane was agitated continuously using a 
rocker. 
 
2.4.4 Coomassie Staining 
Gels were stained in Coomassie stain (0.1% (w/v) Coomassie Blue R-250, 45% (v/v) 
methanol, 10% (v/v) acetic acid) for an hour, before being left in Coomassie de-stain (10% 
(v/v) methanol, 10% (v/v) acetic acid) overnight. In the morning, the Coomassie de-stain was 
replaced with fresh de-stain and allowed to de-stain for a further 2-3 hours before being 
viewed. 
 
2.4.5 Silver Staining 
Silver staining was carried out using Sigma’s Silver Staining kit and following the 
manufacturer’s instructions of use. 
 
2.5 Microscopy 
2.5.1 Light Microscopy 
Yeast cells were grown overnight in 10 ml of selective medium at 30oC, 180 rpm. In the 
morning, cells were diluted back to around an OD600 of 0.3 and allowed to grow at 30
oC, 180 
rpm for a further 2-3 hours. Cells were spun down at 3,000 rpm for 5 min, and washed twice 
with PBS before being re-suspended in approximately 200-500 µl of PBS. An aliquot of 10 µl 
was carefully mounted onto a poly-L-lysine microscope slide (Sigma) and observed using a 
Zeiss Axiovert 200 inverted microscope. The following settings were used for images: 
magnification of x 63, gain of 70, sensitivity of 0, 4 frames averaging, and an exposure time 
of 0.3 sec.  
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2.5.2 Fluorescence Microscopy 
The procedure was exactly like for light microscopy except the settings used were: 
magnification of x 63, gain of 70, sensitivity of 0, 4 frames averaging and an exposure time 
of 1 second. A DA/FI/TR/Cy5-4X-A Quad-band filter (Semrock) was used to visualise GFP 
and REDSTAR2 tagged  strains, while a CY3-4040B filter (Semrock) was used to visualise 
strains stained with DRAQ5.  
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Chapter 3: Screening for Cell Separation Mutants 
 
3.1 Overview 
The principle aim of the study is to obtain a better understanding of the spatial and temporal 
nature of the cell separation machinery of S. cerevisiae and how this fundamental process is 
regulated. By taking advantage of the YKO and Tet-YKO library, a screen for cell separation 
defective mutants was undertaken. Strains were examined by light microscopy to identify 
cells that were aggregated into groups of 3 or more, despite treatment with 1 mM MnCl2 or 1 
mM EDTA. Six of these strains were further examined under TEM to observe their septum 
and cell shape.  
 A total of 178 novel potential cell separation mutants were identified in the present screen 
bringing the total list to 221 cell separation defective mutants identified so far. The total list of 
221 cell separation defective mutants was classified into biologically functional groups, and a 
chi-squared analysis revealed 12 biological classes that were significantly over-represented 
and one under-represented.  
Further examination of the potential cell separation mutants suggests that ubiquitination and 
glycosylation may play a role in cell separation and 11 uncharacterised gene products have 
been identified to play a potential role in cell separation. Phenotypic analysis of these 11 
strains suggests that 6 of these gene products may be involved with the cell wall, while one 
of these gene products may be involved with the MAP kinase pathway. Finally, the 
uncharacterised gene, YIR016W, termed Defective in Separation of Daughter and Mother 
Cell 1 (SDM1), is believed to play an important role in cell separation.   
This study further verified the knockouts constructed by the Saccharomyces Genome 
Deletion Project to add confidence to the list of 178 cell separation defective mutants 
identified in the present study using the YKO library. It was found that out of the 10 
knockouts randomly selected from the YKO library; 8 were verified to be knockouts, 1 was 
similar to the parental control and 1 could not be confirmed. Thus, the YKO library is not 
100% accurate and likely <10% of the strains are “false” knockouts, although a greater 
number of strains need to be examined for a more precise figure since only 0.2% of the 
entire library was examined.  
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3.2 Material and Methods 
3.2.1 Primary Screen 
Previously 471 S. cerevisiae strains from the YKO library were identified as putatively having 
a cell separation defective phenotype (Jaw and Haynes et al., unpublished data) and 
together with the 638 S. cerevisiae strains from the Tet-YKO library, these strains were 
examined for a cell separation defective phenotype.  
Strains were grown overnight in 10 ml YPD at 30oC, shaking at 180 rpm. In the morning, 3 µl 
of the culture solution was visualised under a Nikon 80i eclipse light microscope, x 100 
magnification. Strains were categorised to have a cell separation defective phenotype if > 
50% of the cells were aggregated in groups of 3 or more under a minimum of 5 fields. If the 
strain was thought to have a cell separation defective phenotype, the sample was vortexed 
3x 10 sec, at top speed and re-visualised to exclude strains that disaggregated. 
The Tet-YKO library was examined as above except the strains were grown overnight in 10 
ml YPD +/- 10 µg/ml of doxycycline as described by Mnaimneh et al., 2004 (Mnaimneh et al. 
2004).  
 
3.2.2 Secondary Screen 
S. cerevisiae flocculates in liquid culture and to exclude flocculation as an artefact of the 
screen, a secondary screen was performed on the 217 strains identified as potential cell 
separation defective mutants (sdms) from the primary screen. Flocculation can be easily 
disrupted by the addition of 1 mM MnCl2 or 1 mM EDTA to the culture medium (Kihn et al. 
1988; Kuriyama et al. 1991). 
Strains were cultured overnight in 10 ml YPD with either 1 mM MnCl2 or 1 mM EDTA, 30
oC, 
shaking  at 180 rpm. Samples were sonicated for 10 sec and 3 µl of culture was visualised 
under a Nikon 80i eclipse light microscope, x100 magnification.  Strains that continued giving 
principally (>50 %) aggregated groups of 3 or more cells following the treatment was defined 
as putative sdms. Strains that disaggregated upon treatment were discarded from further 
analysis. 
The Tet-YKO strains were examined as above, except the strains were grown overnight with 
the addition of +/- 10 µg/ml doxycycline depending on conditions observed in the primary 
screen. 
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3.2.3 Chi-squared Analysis 
Analysis of the 192 putative sdms identified from the secondary screen was carried out using 
the Gene Ontology (GO) slim mapper tool, available from SGD (www.yeastgenome.org). 
The GO tool enables the categorisation of strains by characterising them according to the 
molecular function, biological processes or cellular localisation. To define and understand 
the cell separation machinery within S. cerevisiae, a chi-squared analysis was undertaken 
on the strains to identify over/under -represented functional groups. 
 
3.2.4 Phenotypic Screen 
The primary and secondary screen resulted in the identification of 13 sdms that had 
inactivated alleles of genes encoding proteins of unknown function. A series of phenotypic 
assays, described by Hampsey et al., 1997 (Hampsey 1997), and listed in Table 3.1, were 
carried out to try and characterise putative roles for these proteins.  
Strains were grown overnight in 150 µl YPD in a 96-well plate at 30oC with shaking at 120 
rpm. Strains were counted under a Nikon 80i eclipse microscope using a Neubauer 0.0025 
mm2 haemocytometer, and diluted to approximately 1 x 107 cells/ml, then serially diluted to 
obtain 1 x 106, 1 x 105, 1 x104, 1 x 103 and 1 x 102 cells/ml. Strains were replicated onto the 
media described in Table 3.1 using a 96-prong inoculator that delivers approximately 5 µl, 
and incubated at 30oC for 3 days. 
S. cerevisiae ynl158w was from the Tet-YKO library and was plated on the media described 
in Table 3.1 in the presence and absence of 10 µg/ml doxycycline. 
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Table 3.1: Phenotypic assays used to characterise sdms with inactivated alleles of genes encoding 
proteins of unknown function. 
Phenotype Assay Functional Implications 
Benomyl sensitivity 0.5 µg/ml, 10 µg/ml benomyl 
YPD 
Defects in microtubule function 
Caffeine sensitivity 8 mM, 10 mM caffeine YPD Defects in MAP kinase 
signalling pathways 
Calcofluor white sensitivity 1 mg/ml calcofluor white YPD Defects in cell wall biogenesis 
Cycloheximide sensitivity 1 µg/ml, 10 µg/ml cycloheximide 
YPD 
Defects in protein synthesis, cell 
cycle 
Ethanol sensitivity 6% (v/v) ethanol YPD General protein defect 
Formamide sensitivity 1.5%, 3% (v/v) formamide General protein defect 
Glutamate auxotrophy YNB TCA and glyoxylate cycle 
defects, defects in retrograde 
regulation 
Maltose fermentation 2% (w/v) maltose, 0.0036% 
(v/v) bromcresol purple YPD 
Defects in carbon catabolite 
repression 
NaCl sensitivity 1 M NaCl YPD Defects in cell wall biogenesis 
Osmotic sensitivity 1.5 M Sorbitol Cell wall or cytoskeletal defects 
Respiratory deficiency 3% (v/v) glycerol YPD Failure to produce respiratory 
competent mitochondria 
SDS sensitivity 0.1% (v/v) SDS YPD Defects in cell wall biogenesis 
Vanadate 7 mM, 10 mM sodium-o-
vanadate 
Defects in protein glycosylation, 
secretory defects 
Control YPD - 
 
 
3.2.5 Transmission Electron Microscopy  
Yeast cells were viewed under Transmission Electron Microscopy (TEM) after preparing the 
cells using a slightly modified version of the classical chemical fixation EPON embedding of 
samples (O'Connell 2001).  
Cells were grown overnight in YPD +/- 10 µg/ml doxycycline at 30oC, 180 rpm, depending on 
whether the strain came from the Tet-YKO library or YKO library. In the morning, cells were 
diluted and grown for a further 2-3 hours at 30oC, 180 rpm, before 1 x108 cells/ml were spun 
down at 3,000 rpm, 5 min, washed twice with ddH2O, and re-suspended in 1 ml of ddH2O.  
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Cells were fixed in 0.5 ml primary fixative solution (4% (v/v) paraformaldehyde, 2.5% (w/v) 
glutaraldehyde, 0.1 M sodium cacodilate buffer, pH 7.2) for 2 hours at room temperature with 
rotation. After 2 hours, cells were re-suspended in fresh primary fixative solution and 
incubated overnight at room temperature with rotation. 
Cells were washed twice for 10 min in 0.1 M sodium cacodilate buffer with gentle rotation, 
and the supernatant carefully removed. The pellet was gently re-suspended in 100 µl of 4% 
(w/v) gelling agarose, mixed and transferred to a long slender eppendorf tube, and pulsed in 
a Heraeus centrifuge to 4, 500 rpm before being incubated on ice for 10 min. A teflon-coated 
blade was used to cut the ends of the eppendorf, so leaving behind as little as possible of 
the agarose with the cell pellet.  
The pellet was fixed in the secondary fixative solution (1% (w/v) OsO4, 0.1 M sodium 
cacodilate buffer, pH 7.2) under a fumehood in the dark for 2 hours.  The pellet was washed 
twice in 0.1 M sodium cacodilate buffer, pH7.2 for 15 min with gentle rotation. The pellet was 
then dehydrated; twice in 10% (v/v) EtOH for 15 min, twice in 25% (v/v) EtOH for 30 min, 
twice in 50% (v/v) EtOH for 30 min, once in 70% (v/v) EtOH for 5 min, and incubated 
overnight in 70% (v/v) EtOH at 4oC. 
In the morning, the pellet was dehydrated further; twice in 80% (v/v) EtOH for 30 min, twice 
in 90% (v/v) EtOH for 30 min, and three times in 100% (v/v) dry EtOH for 30 min. The pellet 
was then infiltrated; twice with 1:1 EtOH: propylene oxide for 15 min, twice with 100% 
propylene oxide for 15 min, once with 3:1 propylene oxide: EPON for an hour and a half, 
once with 1:1 propylene oxide: EPON for an hour and a half, once with 1:3 propylene oxide: 
EPON for an hour and a half before being incubated in 100% (v/v) EPON at 4oC overnight.  
The pellet was infiltrated over a period of 2 days with fresh 100% (v/v) EPON, changing the 
EPON once in the morning and once in the evening, always leaving the pellet overnight at 
4oC but at room temperature with gentle rotation during the day. After 2 days, the pellet was 
sliced into quarters and placed into a cap with fresh 100% (v/v) EPON, ensuring no air 
bubbles were present, and baked for 12 hours at 65oC.  
Blocks were trimmed and sliced using a glass knife and an ultramicrotome from Leica, and 
stained with 2% (w/v) uranyl acetate in water (O'Connell 2001). Samples were viewed using 
a Tecnai G2 Spirit microscope manufactured by FEI, Eindhoven, Holland, with an operating 
voltage of 80V. Images were taken using an Eagle 2k x 2k CCD camera also manufactured 
by FEI.   
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3.2.6 Verification of the YKO Library 
Ten strains; cts1, dse2, erg6, ies6, mnn2, mnn11, och1, scw11, sdm1, and yjl123c, were 
chosen from the YKO library and were verified by PCR using the oligonucleotides listed in 
Table III, Appendix II, to verify the deletion of the gene. The strains were verified as 
described by the Saccharomyces Genome Deletion project (http://www-
sequence.stanford.edu/group/yeast_deletion_project/deletions3.html). 
 
3.3 Results 
3.3.1 Verification of the YKO library 
Ten knockouts were selected from the YKO library and verified by PCR for deletion of its 
gene as described by the Saccharomyces Genome Deletion project 
(http://www.sequence.stanford.edu/group/yeast_deletion_project/deletions3.html). The first 
PCR verification performed on the YKO library, involved the A and B primer pairs. The A and 
B primers are both ORF specific to the gene deleted, thus a band should only be seen in the 
parental strain if the gene was indeed deleted, see Figure 3.1.  
 
Figure 3.1: Schematic diagram showing the localisation of the A, B and D primers used to verify the 
YKO library. Primer A was positioned 200-400bp from the start codon, while Primer D was positioned 
200-400bp from the stop codon of the gene. Primer B was ORF specific and positioned within the 
coding region of the ORF (and thus could not bind to the yeast knockout strain). A product for the AB 
primer pairs would only be seen in the parental strain, while a size difference between the AD primer 
pair would be observed between the parental and knockout strains. In addition, the product of the AD 
primer pair could be digested by HindIII as there is a HindIII site within the kanMX4 cassette. HindIII is 
not present in the parental strain.  
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 From the PCR, mnn2, mnn11, scw11, och1, cts1 and sdm1 do not contain a band while the 
parental strain does, thus it is likely that these strains are knockouts, see Figure 3.2. Multiple 
bands were observed for both yjl123c and erg6; including in the control samples, while the 
dse2 and ies6 strain had a band which was a different size to the band observed in its 
control, see Figure 3.2.  
Figure 3.2: PCR using the A and B primer pair combination to verify strains from the YKO library. If 
the gene was deleted from the strain, a band should not be seen in the knockout; a band should only 
be present in the wild-type. mnn2, scw11, och1, mnn11, sdm1 and cts1 appear to be deleted. A = 
yjl123c, B = YJL123C, C = erg6, D= ERG6, E = mnn2, F = MNN2, G = scw11, H = SCW11, I = dse2, 
J = DSE2, K = och1, L = OCH1, M = cts1, N = CTS1, O = sdm1, P = SDM1, Q = ies6, R = IES6, S = 
mnn11, and T = MNN11. 
  
A second PCR was carried out using the A and D primers, and the PCR products digested 
using HindIII, before being analysed. The D primers are also ORF specific and are 
downstream of the gene deleted, thus a size difference between the parental strain and the 
deleted gene should be observed in this PCR reaction, see Figure 3.1. However, sometimes 
the products of the control and the deleted strain produce a similar sized band; HindIII is 
thus used to digest the products as the deleted strain contains a HindIII site in its KanMX 
cassette which the control does not. Thus, two fragments should be observed if the strain 
has had its gene deleted. From the PCR, yjl123c, och1, dse2 and cts1, show the expected 
pattern of 2 fragments when the PCR products were digested by HindIII and this is not seen 
in the control sample, see Figure 3.3. No PCR products were seen for the other strains, for 
example mnn2, or the pattern produced was similar to the control, for example erg6, see 
Figure 3.3.  
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Figure 3.3: PCR using the A and D primer combination to verify the YKO library followed by digestion 
with HindIII. If the gene was deleted from the strain, digestion with HindIII would produce 2 fragments, 
while the control sample would produce a single fragment. yjl123c, och1, dse2 and cts1 appear to be 
deleted. A = erg6, B = erg6 HindIII , C = ERG6, D = ERG6 HindIII, E = yjl123c, F = yjl123c HindIII, G 
= YJL123C, H = YJL123C HindIII, I = och1,  J = och1 HindIII, K = OCH1, L = OCH1 HindIII, M = 
mnn2, N = mnn2 HindIII, O = MNN2, P = SCW11, Q = SCW11 HindIII, R = cts1, S = cts1 HindIII, T = 
CTS1, U = CTS1 HindIII, V = dse2, W = dse2 HindIII, X = DSE2, Y = DSE2 HindIII. 
  
From the PCR it can therefore be verified that yjl123c, och1, dse2, cts1, sdm1, mnn2, 
mnn11 and scw11 are correct knockouts. erg6 appears to be similar to the control and ies6 
could not be confirmed, see Table 3.2. 
Table 3.2: Summary of the expected wild-type size compared to the observed amplified DNA 
fragment sizes using the AB and AD primer pairs to verify the YKO library. yjl123c, och1, dse2, cts1, 
sdm1, mnn2, mnn11 and scw11 can be verified as correct knockouts. erg6 appears to be similar to 
the control and ies6 could not be confirmed. 
YKO strain Expected size of 
wild-type AB 
primer pair 
product (bp) 
Observed size 
of AB primer 
pair (bp) 
Expected size 
of wild-type AD 
primer pair 
product (bp) 
Observed size 
of AD primer 
pair (bp) 
HindIII 
site 
present in 
AD primer 
fragment 
Confirmed 
YKO strain 
       
cts1 697 - 2285 ~2000 Y Y 
dse2 789 ~500 1620 ~2000 Y Y 
erg6 364 <500 1459 <1500 N N 
ies6 467 ~2000 1126 - - N 
mnn2 608 - 930 - - Y 
mnn11 729 - 1938 - - Y 
och1 686 - 2068 ~2000 Y Y 
scw11 915 - 2300 - - Y 
sdm1 787 - 1434 - - Y 
yjl123c 489 ~500 2150 ~2000 Y Y 
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 3.3.2 Novel Cell Separation Defective Mutants 
To understand and define the cell separation machinery in S. cerevisiae a large-scale screen 
was carried out on the YKO and Tet-YKO library to identify putative cell separation defective 
mutants.  Previously, a total of 471 strains from the YKO library were identified as putative 
cell separation defective mutants (Jaw and Haynes et al., unpublished). A primary screen 
was carried out on the 471 strains and all 638 strains of the Tet-YKO library, in which 
essential genes are regulated by the tet-dependent promoter, using the criteria of a strain 
being defective in cell separation if the majority of the cells (>50%) are aggregated together 
in groups of 3 or 4 cells.  
A total of 81 strains from the YKO library and 136 strains from the Tet-YKO were identified to 
be putative cell separation defective mutants. Of the 136 strains identified from the Tet-YKO 
library, 28 strains displayed a cell separation defective phenotype in the presence and 
absence of doxycycline, 7 strains displayed a cell separation defective phenotype only in the 
absence of doxycycline (constitutive rather than wild-type expression) and the remainder 
had a phenotype in the presence of doxycycline (residual expression allowing cell survival). 
S. cerevisiae is known to flocculate when grown in liquid culture, and studies have shown 
that growth in 1 mM MnCl2 or 1 mM EDTA, pH8, inhibits flocculation of S. cerevisiae to some 
extent (Kihn et al. 1988; Kuriyama et al. 1991). A secondary screen was undertaken on the 
217 strains from the primary screen to differentiate those strains with a cell separation defect 
from those flocculating by subjecting the strains to growth in 1 mM MnCl2 and 1 mM EDTA, 
pH8. 
A total of 99 strains were proposed to have a cell separation defect; these cells remained 
aggregated in both 1mM MnCl2 and 1mM EDTA, pH8, see Figure 3.4 A and B, and 
Appendix I, Table III.   
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Figure 3.4: spt3 cells have a strong cell separation defective phenotype. spt3 cells remain 
aggregated after growth in 1 mM EDTA YPD (A) and 1 mM MnCl2 YPD (B). um3 cells have a weak 
cell separation defective phenotype and remain aggregated after growth in 1 mM EDTA YPD (C) but 
not 1 mM MnCl2 YPD (D). The parental control, BY4741, does not have a cell separation defect and 
did not show a cell separation defect after growth in either 1 mM EDTA YPD (E) or in 1 mM MnCl2 
YPD (F). Strains were cultured overnight at 30
o
C, shaking at 180 rpm, sonicated for 10 seconds and 
observed under differential interference contrast (DIC) microscopy. Scale bar represents 10 µM
 94 
 
Figure 3.5:  Examples of S. 
cerevisiae cell separation 
defective strains identified in 
the present study: BY4741, the 
parental strain does not have a 
cell separation defect; ace2 
cells have a cell separation 
defect. Scale bar represents 10 
µm.  
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A total of 93 strains were classified as having a weak aggregation phenotype; these cells 
disaggregated in either 1 mM MnCl2 or 1 mM EDTA, pH8, see Figure 3.4 C and D, and 
Appendix I, Table IV.   
The remaining 25 strains disaggregated in both assays and were discarded from further 
analysis. In total, 192 strains were identified as having a putative cell separation defect, see 
Figure 3.5.  
Three of the ram mutants were present in the Tet-YKO library, but only hym1 displayed a 
cell separation defect. Contrary to previous reports, mob2 and cbk1 (Colman-Lerner et al. 
2001; Nelson et al. 2003; Kurischko et al. 2005) did not have a cell separation defect. A 
northern probing for the expression of CTS1 revealed that CTS1 was expressed in all 3 ram 
mutants regardless of the absence and presence of doxycycline, see Figure 3.6. 
 
Figure 3.6: Northern of CTS1 expression in ram cells. CTS1 was observed in cbk1, mob2 and hym1 
cells regardless of whether the promoter was suppressed (addition of 10 µg/ml doxycycline) or not. 
Bottom panel shows the rRNA loading for each sample. 
 
Furthermore, strains with inactivated alleles of genes previously shown to have a cell 
separation defect such as DSE4 or CDC15 did not show a cell separation defect. This may 
be due to strain variation; the dse4 cell separation defect was described in the YPA24 
background (Baladron et al. 2002), while the cdc15 cell separation defect was in a RH210-3c 
background (Jimenez et al. 1998). To compile a complete list of possible cell separation 
mutants, 29 strains with inactivated alleles of genes previously described to have a cell 
separation defect but not observed in the current screen were included in the final listing, 
Appendix I, Table V.  
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To understand how the cell separation defective strains identified in the present screen 
contribute to the cell separation machinery in S. cerevisiae, the gene ontology slim mapper 
tool, from SGD, was used to specifically categorise the function of proteins in the cell 
separation defective strains. A chi-squared analysis was applied to determine whether there 
was an over/under representation of specific GO classes within the cell separation mutants 
by comparing the expected frequency of genes belonging to each GO category in a random 
group of 99 genes to the observed frequency in each GO category with a cell separation 
defect, see Appendix I, Table III. A total of 7 GO categories were found to be significantly 
over represented including such processes as cell cycle, and cell wall organisation and 
biogenesis, but surprisingly protein modification was over represented too. Only 1 GO 
category, biological process unknown, was significantly under represented, see Table 3.3. 
 
Table 3.3: Frequency distribution of the 99 strong cell separation defective gene products of over-
represented and under-represented functional categories: The category of biological process 
unknown was the only grouping to be significantly under represented. The remaining 7 categories 
were all over-represented in the screen. a is the number of genes in the screen of the YKO and Tet-
YKO library belonging to each category. According to the GO classification of S. cerevisiae many 
genes are included in several categories. fo
b
 is the observed frequency of genes with a cell separation 
defective phenotype falling into the given category. fe
c
 is the expected frequency of genes with a cell 
separation defective phenotype falling into the given category in a random set of 99 genes. X
2
 is to 2 
decimal places, degrees of freedom is 1 and the probability is < 0.001. The threshold value of 10.83 
needs to be exceeded for significance level of 0.1% (0.001). 
Gene Ontology Function Number of genes
a
 fo
b 
fe
c 
X
2 
     
Biological process unknown 1453 2 26 22.60 
  Cell budding 70 7 1 26.83 
Cell cycle 330 20 6 34.22 
Cytokinesis 104 15 2 94.40 
Cytoskeletal organisation and biogenesis 192 10 3 12.76 
Protein modification 488 25 9 30.83 
Pseudohyphal growth 60 5 1 14.61 
Transcription 197 10 4 12.10 
 
 
To ensure a full statistical analysis was carried out without excluding any possible data, a 
chi-squared was performed on the full list of genes identified to be possibly involved in cell 
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separation, see Appendix I, Table V.  A total of 12 GO categories were found to be 
significantly over represented including processes such as cell cycle, cell wall organisation 
and biogenesis but surprisingly protein modification and vesicle mediated transport were 
also over represented. Only 1 GO category, biological process unknown, was significantly 
under represented, see Table 3.4.  
 
Table 3.4: Frequency distribution of the 221 cell separation defective gene products of over-
represented and under-represented functional categories: The GO category of biological processes 
unknown was the only grouping to be significantly under-represented. The remaining 12 categories 
were all over-represented in the screen. a is the number of genes in the screen of the YKO and Tet-
YKO library belonging to each category, according to the GO classification of S. cerevisiae many 
genes are included in several categories. fo
b
 is the observed frequency of genes with a cell separation 
defective phenotype falling into the given category. fe
c
 is the expected frequency of genes with a cell 
separation defective phenotype falling into a given category in a random set of 221 genes. X
2
 is to 2 
decimal places, the degrees of freedom is 1, the probability is <0.001. The threshold value of 10.83 
needs to be exceeded for a significance level 0.1% (0.001). 
Gene ontology function Number of genes
a
 F0
b
 Fe
c 
X
2 
     
Anatomical structure morphogenesis 133 20 5 42.26 
Biological process unknown 1453 10 58 41.46 
Cell budding 70 17 3 75.12 
Cell cycle 330 38 13 48.62 
Cell wall organisation and biogenesis 193 17 8 11.65 
Cytokinesis 104 28 4 142.48 
Cytoskeletal organisation and biogenesis 192 23 8 31.89 
Membrane organisation and biogenesis 172 17 7 15.54 
Protein modification 488 50 20 49.68 
Pseudohyphal growth 60 8 2 13.63 
RNA metabolism 576 40 23 13.05 
Transcription 197 28 8 53.60 
Vesicle mediated transport 308 27 12 18.26 
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For a full list of the chi-squared analyses, see Appendix I, Table VI and VII. The complete list 
of cell separation defective mutants were found to fall into a wide range of different 
processes when classified according to the gene ontology tool provided by the SGD 
database, see Figure 3.7.  
 
3.3.3 Phenotypic Analysis of Strains with Inactivated Alleles of Genes Encoding 
Proteins of Unknown Function 
From the screen, a total of 13 strains were originally identified as inactivated alleles of genes 
encoding proteins of unknown function with a cell separation defect; apq12, fyv1, hit1, pry3, 
ykr070w, ynl171c, ypl066w, yjl206c, yjr011c, yir016w, ydr532c and ynl158w, since then, 
functions have been assigned to some of these genes, see section 3.4.4. All the strains 
originally identified as inactivated alleles of genes encoding proteins of unknown function 
derived from the YKO library except for ynl158w which derived from the Tet-YKO library and 
shows a cell separation defect in the presence of 10 µg/ml doxycycline. To characterise 
possible roles for these proteins each strain was subjected to a series of phenotypic assays 
as described by Hampsey et al., 1997 (Hampsey 1997) and listed in Table 3.1. 
BY4741 was used as the control strain for those strains that derived from the YKO library, 
while R1158 in the absence and presence of 10 µg/ml of doxycycline was used as the 
control strain for ynl158w. Each strain assayed, was plated out in dilutions ranging from 
approximately 1 x 107 to 1 x 102 cells/ml, usually growth was only observed from 1x 107 to 
104 cells/ml, apart from YPD, where growth was observed with 1 x 102 cells/ml, see Figure 
3.8.  
No phenotypes were observed for fyv1, pry3, ykr070w, yjl206c and yir016w in the 
phenotypic screen undertaken. ypl066w was found to be sensitive to high levels of caffeine 
(10mM) but grew as the control on lower levels of caffeine (8mM), see Figure 3.8. yjr011c 
was sensitive to growth on 0.1% (v/v) SDS, see Figure 3.8; while in 2 out of 3 screens, 
yjl123c was sensitive to growth on 1 mg/ml calcofluor white, and it was also sensitive to 
growth on high concentrations of formamide (3% (v/v) not 1.5% (v/v)), see Figure  3.8. 
 99 
 
 
Figure 3.7: Gene ontology classification of the 221 genes predicted to have a cell separation defect when deleted. 
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Figure 3.8: Growth phenotypes of 13 cell separation defective strains of S. cerevisiae originally identified to have inactivated alleles of genes encoding 
unknown proteins. No strains exhibited a growth defect in comparison to the parental controls, BY4741 of the YKO library and R1158 of the Tet-YKO library, 
on YPD. Strains were grown at 30
o
C for 3 days. Note: ynl158w and R1158 are grown in the absence of doxycycline in the above screen.  
Figure 4.2:  Examples of S. 
cerevisiae cell separation 
defective strains identified in 
the present study. BY4741, 
the parental strain, does not 
have a cell separation defect, 
ace2 cells have a cell 
separation defect. Scale bar 
represents 10 µm. 
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Similar to yjl123c, hit1 was sensitive to growth on 1 mg/ml calcofluor white and displayed 
sensitivity to growth on 0.1% (v/v) SDS, see Figure 3.8.  
apq12 was sensitive to growth on 0.1% (v/v) SDS, low levels of caffeine and 1 mg/ml 
calcofluor white, but similarl to yjl123c, its sensitivity to calcofluor white was only observed in 
2 out of 3 screens, see Figure 3.8. ynl171c was sensitive to growth on 1 mg/ml calcofluor 
white, 0.1% (v/v) SDS and high levels of formamide (3% (v/v) but not 1.5% (v/v)), see Figure 
3.8. ydr532c was found to show the most phenotypes during this screen, it was the only 
strain to be sensitive to growth on 6% (v/v) ethanol, 1.5 M sorbitol, 1M NaCl and 10 µg/ml 
benomyl, see Figure 3.9. It also showed sensitivity to low concentrations of formamide and 
caffeine, 0.1% (v/v) SDS and 1 mg/ml calcofluor white, see Figure 3.8. 
Figure 3.9: ydr532c is sensitive to growth on 6% (v/v) ethanol, 1.5 M sorbitol, 1M NaCl and 10 µg/ml 
benomyl. Strains were grown at 30
o
C for 3 days.  
 
ynl158w did not differ in growth to the parental strain, R1158, in the conditions it was 
examined under in the absence of doxycycline, see Figure 3.8. However, ynl158w was found 
to be sensitive upon the addition of doxycycline in YPD; this growth sensitivity was not 
observed in the parental strain, see Figure 3.10. Despite ynl158w’s sensitivity to growth on 
doxycycline, subtle growth phenotypes could still be observed of ynl158w’s growth under 
various conditions in the presence of doxycycline; ynl158w in the presence of doxycycline 
was sensitive to growth on 0.1 % (v/v) SDS, 1 mg/ml calcofluor white, 3% (v/v) – but not 1.5 
% (v/v) – formamide, and low concentrations of caffeine when compared to its growth on 
YPD in the presence of doxycycline, see Figure 3.10. These phenotypes were not observed 
when ynl158w was grown in the same conditions in the absence of doxycycline, see Figure 
3.8 and 3.10.  
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The phenotypic analysis showed that 8 of the 13 cell separation defective strains, originally 
identified with inactivated alleles of genes encoding proteins of unknown function, displayed 
phenotypes in at least one of the assays performed, these are summarised in Table 3.5.  
 
Figure 3.10: Growth phenotypes of ynl158w in the absence and presence of 10 µg/ml doxycycline. In 
the presence of doxycycline, ynl158w, has a cell separation defect on YPD (R1158 is the parental 
strain). ynl158w in the presence of doxycycline has a growth sensitivity on 1 mg/ml calcofluor white, 
0.1% (v/v) SDS, 3% (v/v) formamide, and 8 mM and 10 mM caffeine. Strains were grown at 30
o
C for 3 
days.  
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Table 3.5: Phenotypes associated with cell separation defective strains originally identified with 
inactivated alleles of genes encoding proteins of unknown function. 
 
Condition Gene        
 apq12 hit1 ynl171c yjl123c yjr011c ydr532c ypl066w ynl158w* 
10 µg/ml 
Benomyl 
        
8 mM Caffeine         
10mM Caffeine         
Calcofluor white         
6% (v/v) Ethanol         
1.5% (v/v) 
Formamide 
        
3% (v/v) 
Formamide 
        
1 M NaCl         
0.1 % (v/v) SDS         
*In the presence of doxycycline only. 
 
3.3.4 TEM of Cell Separation Defective Mutants 
Six cell separation defective mutants; anp1, spc72, sdm1/yir016w, erg7, rpt6, and ost3, 
identified from the cell separation screen were selected and visualised under TEM to 
determine the nature of the cell separation defect. BY4741 and ace2 cells were used as the 
control sample. BY4741 is the parental strain for the YKO library and does not have a cell 
separation defect in the presence or absence of doxycycline; BY4741 mother cells are only 
at most attached to one daughter cell under TEM analysis, see Figure 3.11. ace2 cells have 
a confirmed cell separation defective phenotype (Nelson et al. 2003; Kurischko et al. 2005); 
mother cells are attached to more than one daughter cell via their septums, see Figure 3.11.  
Preliminary indications are that qualitatively speaking, anp1 cells are similar to ace2 cells 
and unlike the control, BY4741, mother cells are attached to more than one cell via their 
septum, see Figure 3.11. In addition, it is possible that anp1 cells may possess a thicker 
septum between its mother and daughter cells in comparison to both ace2 cells and BY4741 
cells, see Figure 3.11. However, as this is only preliminary data it is too early to conclusively 
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conclude this and far more quantitative analysis involving measurements of how thick the 
septum in these cells are will need to be undertaken.   
 
Figure 3.11: DIC images and TEM images of putative cell separation defective mutants: anp1 and 
sdm1/yir016w. BY4741 is the parental control while ace2 is a confirmed cell separation defective 
mutant. The scale bar represents 10 µM. 
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In comparison to anp1 and ace2 cells, sdm1 cells are similar to BY4741 and seem only at 
most to be attached to one cell at any time; mother cells seem to be attached to a single 
daughter cell suggesting that they do not possess a cell separation defect, see Figure 3.11. 
This is in stark contrast to the results of the screen for cell separation defective mutants that 
indicated that sdm1 cells have a cell separation defect, see Figure 3.11. An interesting 
observation of the preliminary TEM data of sdm1 cells is that sdm1 cells were mainly found 
as doublets and not as single cells, see Figure 3.11. One possibility is that the production of 
the second daughter cell enables the separation of the first daughter cell from the original 
mother cell, hence doublets are mainly observed for sdm1 cells as opposed to multiples or 
single cells. More TEM work will need to be undertaken to test this hypothesis statistically, 
and confirm that the majority of the sdm1 cells observed under TEM analysis are doublets. 
From the initial cell separation screen, erg7 cells were found to have a cell separation defect 
in the presence of doxycycline only, see Figure 3.12.This is also seen in the preliminary TEM 
data, in the presence of doxycycline erg7 cells are attached to more than one cell at the 
septum, whereas erg7 cells grown in the absence of doxycycline do not appear to be joined 
to more than one cell at the septum and are mainly single cells, see Figure 3.12. In addition, 
from initial analysis it seems that erg7 cells, regardless of the presence/ absence of 
doxycycline, have a thicker septum than those seen in the parental control, BY4741, and 
ace2 cells, see Figure 3.12. It will be interesting to see if this is still the case after further in-
depth quantitative TEM analysis.  
Like ace2 cells, ost3 cells appear to have a cell separation defect after preliminary analysis 
by TEM; cells are organised in multiples and are joined at the septum, see Figure 3.12. 
However, there are also single ost3 cells present, and further TEM will need to be 
undertaken to confirm that ost3 cells are indeed joined at the septum in multiples. In 
addition, initial indications are that ost3 cells may have a thicker septum in comparison to the 
control, BY4741, but this will need to be confirmed after further quantitative TEM analysis, 
see Figure 3.12.   
Results from the screen for cell separation mutants indicated that rpt6 cells displayed a cell 
separation defect in the presence of doxycycline, however, preliminary analysis by TEM 
indicates that rpt6 does not have a cell separation defect; cells were found to either be single 
cells or joined at the septum to one other cell, see Figure 3.12. Unlike sdm1 cells, the 
majority of rpt6 cells were not associated as doublets, but single cells. In the presence of 
doxycycline, rpt6 cells seem to be structurally abnormal when compared to the control; rpt6 
cells seem to have an abnormal cell shape with “invaginations” coming from the cells, see 
Figure 3.11 and 3.12. Furthermore, it is possible that rpt6 cells in the presence of 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 3– Screen for Cell Separation Mutants 
 
 
106 
 
doxycycline have a thicker septum joining cells together, although further TEM analysis will 
need to be carried out to confirm this, see Figure 3.12. 
Finally, preliminary analysis of spc72 cells indicates that these cells also possess a cell 
separation defect; more than one cell is joined to another, see Figure 3.12. Interestingly, 
unlike the ace2, erg7 and anp1 cells, spc72 cells have a fairly thin septum, despite having 
more than one cell joined to another at the septum, see Figure 3.11 and 3.12. Further TEM 
analysis will need to be done to confirm this observation.  
Thus, the preliminary structural analysis undertaken to examine the nature of the cell 
separation defect seen in these cells by TEM analysis indicates that anp1, erg7, ost3, and 
spc72 have a cell separation defect as more than one cell is joined to another cell at their 
septum. sdm1 cells may have a cell separation defect, despite seeing the majority of cells 
grouped as doublets under TEM analysis; this may indicate that the production of the second 
daughter cell enables the mother cell to separate from the first daughter cell, but this will 
need to be confirmed by further TEM analysis and experiments. Finally, despite observing 
rpt6 cells to have a cell separation defect in the presence of doxycycline in the initial screen 
for cell separation mutants, this was not observed under TEM analysis. The majority of rpt6 
cells appear to be single cells under TEM analysis, although rpt6 cells seem to have an 
abnormal cell shape with “invaginations” and a thick septum. Further work and quantitative 
TEM analysis will need to be performed to confirm the above observations.  
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Figure 3.12: DIC and TEM images of the putative cell separation mutants: erg7, ost3, rpt6 and spc72. 
erg7 in the presence of 10 µg/ml doxycycline, ost3 and spc72 appear to have a cell separation defect, 
while rpt6 in the presence or absence of 10 µg/ml doxycycline does not appear to have a cell 
separation defect.  
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3.4 Discussion  
The aim of the present study was to inform our understanding of Ace2 and its role in cell 
separation by identifying other genes which may be involved in the process of cell 
separation. A total of 221 cell separation mutants were putatively identified in the present 
screen, and of the 221, 12 of the mutants were identified previously by Giaver et al., 2002, 
as well; however, 18 of the mutants identified by Giaver et al., 2002, were not identified by 
our screen (Giaever et al. 2002). This could be attributed to differences in the criteria for 
selecting a mutant as having a cell separation defect, since both studies rely on a qualitative 
selection procedure as opposed to quantative and were carried out on a large scale.  
The list of putative cell separation mutants were split into 2 separate groups depending on 
whether the strains continued to show aggregation when treated with 1 mM EDTA, pH8 or 1 
mM MnCl2, or disaggregated during treatment with either 1 mM EDTA, pH8 or 1 mM MnCl2 
but remained aggregated in the other. The purpose of treating the cells with either 1 mM 
EDTA or 1 mM MnCl2 was to remove artefacts from the initial screening as it is well-known 
that yeast naturally flocculate amongst each other in liquid culture due to the binding sites 
they have displayed on their outer surface that allow them to bind to one another via Ca2+ 
ions within the liquid culture (Kihn et al. 1988; Kuriyama et al. 1991). The addition of 
chelating agents such as EDTA or cations such as MnCl2 inhibits flocculation. Chelating 
agents sequester di- and trivalent metal ions; thereby prevent cells from flocculating 
amongst themselves by sequestering the Ca2+ ions present within the liquid culture. Cations, 
such as MnCl2, act as competitive inhibitors and bind onto binding sites displayed on the 
cells, so preventing other cells from binding onto them via Ca2+ (Kihn et al. 1988; Kuriyama 
et al. 1991).  
The latter group, defined as weak cell separation defective mutants, are unlikely to be true 
cell separation defective mutants, as they disaggregated after treatment by either 1 mM 
MnCl2 or 1 mM EDTA, but not both. This is likely due to differences in their mechanism of 
inhibiting flocculation. Depending on the binding sites present on the cell surface, MnCl2 may 
inhibit flocculation better in some cells than others due to differing binding efficiencies for 
each site. As EDTA acts by sequestering the metal ions present in the liquid culture, its 
mechanism of inhibiting flocculation is not dependent nor affected by the binding sites 
displayed on the surface of the cell, and thus should be a more accurate method of 
differentiating cell separation defective mutants from cells merely flocculating. Interestingly, 
the majority of mutants that were defined as weak cell separation mutants remained 
aggregated in 1 mM EDTA but disaggregated in 1 mM MnCl2. Since 1 mM MnCl2 depends 
upon binding sites displayed upon the cell, it can be speculated that in these mutants the 
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binding sites are unrecognisable for binding, thus the greater proportion of mutants were 
seen to disaggregate upon the addition of 1 mM MnCl2 compared to the addition of 1 mM 
EDTA.  Both groups were included in the chi-squared analysis to minimise any chance of 
excluding data.  
The chi-squared analysis of the cell separation mutants indicated 13 significant GO groups 
were over and under-represented by the present screen, see Table 3.4. Of the 13 functional 
groups identified, only one was significantly under-represented, the category of biological 
processes unknown. This was fairly surprising in some ways because a fair amount of the S. 
cerevisiae genome remains un-annotated, it would be natural to suspect that there may be 
other genes involved in cell separation still unidentified. However, taken that cell separation 
is such a vital process within the cell, one would presume that those genes involved would 
mostly be already identified. Unsurprisingly, genes involved in cell budding, cell cycle, 
cytokinesis, cell wall organisation and anatomical structure morphogenesis, DNA 
metabolism, etc. were over-represented. This was as expected because these processes 
are involved with the regulation of the cell cycle and shape and thereby the process of cell 
separation itself.  
A chi-squared analysis was also carried out on the group defined as strong cell separation 
defective mutants, and 8 GO groups were identified to be over/under-represented, see Table 
3.3. The results of this chi-squared analysis was similar to the one performed on the entire 
list, but the GO groups; anatomical structure morphogenesis, cell wall organisation and 
biogenesis, membrane organisation and biogenesis, RNA metabolism, and vesicle-mediated 
transport, were omitted from this new chi-squared analysis suggesting that these biological 
functional roles may play a lesser role in the process of cell separation compared to the 
others, see Table 3.3 and 3.4.  
The most interesting GO group to come out of the chi-squared analysis was protein 
modification.  Protein modification was not suspected to have such a huge impact on cell 
separation and further analysis of these genes revealed a large number of genes involved in 
the process of glycosylation and ubiquitination, see Appendix I, Table V.  
 
3.4.1 Verification of the YKO Library 
As such a large-scale screen was carried out to identify novel cell separation mutants, the 
YKO and Tet-YKO libraries were used as the subjects of the screen since they are 
knockouts of the S. cerevisiae genome. Since a total of 5530 knockout strains were 
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examined in total, (1109 knockout strains examined during the course of this project: 471 
strains from the YKO library and 638 strains from the Tet-YKO library – the remaining 4421 
strains from the YKO library were examined prior to this project by Jaw and Haynes et al. 
(unpublished data)), the verification of these strains would be a mammoth task. Thus, 10 
strains were selected from the YKO library and verified by PCR as described by the 
Saccharomyces Genome Deletion project 
(http://www.sequence.stanford.edu/group/yeast_deletion_project/deletions3.html).  
The strains: cts1, dse2, erg6, ies6, mnn2, mnn11, och1, scw11, sdm1, and yjl123c, were 
selected to be verified. From the two PCRs carried out, 8 of the strains were verified to be a 
knockout by PCR: cts1, dse2, mnn2, mnn11, och1, scw11, sdm1 and yjl123c. The knockout 
strains ies6 and erg6 could not be verified by PCR. Furthermore, it seems likely that the erg6 
strain within the library has not being knocked out and is in fact the same as the parental 
strain. The PCR test using primers A and B showed that unlike the other strains, where a 
fragment was only amplified by the control (the parental strain), the same size fragment as 
the control was amplified in the erg6 strain, see Figure 3.2. The A and B primers are ORF 
specific to the deleted gene, thus a fragment would only be amplified if the gene was still 
present, see Figure 3.1. There is a small possibility that there is an another sequence within 
the genome that the primers can bind to and produce a fragment, but this is a slim possibility 
and one would have expected two fragments to have been observed in the control and one 
in the erg6 strain, see Figure 3.2. An alternative explanation could be that there is cross 
contamination present within the library itself. One method of examining whether the library 
is cross contaminated or not is by taking several different colonies from a streaked out plate 
of erg6 and verifying them by PCR to see whether any of the colonies produce the expected 
PCR results. If some do, and some do not, then the library is clearly cross contaminated. 
This should be repeated for several different strains from the library to get an overall picture. 
The strains could also be sequenced to further confirm them. 
In addition, the second PCR test, using primers A and D followed by digestion with HindIII, 
would have produced 2 fragments if the erg6 strain was indeed a knockout, while the control 
would only have produced a single fragment. Primer D is specific to a sequence downstream 
from the deleted gene while Primer A is specific to a sequence upstream from the deleted 
gene, see Figure 3.1. However, only a knockout strain would contain the KanMX cassette 
which was used to delete the gene of interest, and the KanMX cassette contains a single 
HindIII site, thus cutting the amplified fragment into two if the strain tested was indeed a 
knockout. However, the PCR product of erg6 digested with HindIII only produced a single 
fragment that was of the same size as the undigested erg6 product and the control, see 
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Figure 3.3. It is highly likely that erg6 is not a true knockout, and this may explain why erg6 
was not observed to have a cell separation defect, although erg1 and erg7, both involved in 
the same pathway (ergosterol biosynthesis pathway), were identified to be putative cell 
separation mutants.  
ies6 could not be confirmed as a true knockout, nor was it confirmed to be similar to the 
control. The PCR using primers A and B produced a single band for both the control and 
ies6, but the two fragments were completely different sizes, suggesting it was likely due to 
unspecific binding and that the PCR was not optimised for this reaction. The second PCR 
using primers A and D failed to produce any products, and despite repeating the experiment 
several times, the same results were obtained. It is likely that more optimisation of the PCR 
reaction is required to verify whether ies6 is a true knockout or not.  
Thus, on the whole, the YKO library is fairly accurate; however, it is not 100% accurate, 
which isn’t surprising considering the library was created via a high throughput method. In all 
likelihood, the library is most likely accurate in the region of around > 90%, although a 
greater number of strains need to be verified to gain a more accurate figure. This study only 
verified 0.2% of the total library, 10 strains out of a possible 4982 strains. It can be assumed 
that those mutants identified in the screen are fairly accurate because if the strain was not a 
true knockout, like erg6, it would not have been identified as a cell separation defective 
mutant. 
 
3.4.2 Possible Involvement of Protein Glycosylation and Ubiquitination in Cell 
Separation? 
Examination of the list of cell separation defects revealed a number of genes involved in 
ubiquitination: RPN4, RPT2, RPT4, RPT6, GRR1, UMP1, MET30, CDC27, CDC34 and 
UBA4, suggesting that ubiquitination plays an important role in cell separation. Ubiquitination 
itself is a very important control mechanism in numerous biological systems (Glickman et al. 
1998) and involves the degradation of proteins with an ubiquitin covalently attached. These 
proteins are short-lived proteins within the cell and are usually involved in regulation of 
processes within the cell and are degraded to down-regulate a particular pathway. In 
addition, although several groups of ubiquitin ligases have been identified in S. cerevisiae 
the SCF ubiquitin ligase (composed of Skp1, Cdc53, the RING finger protein 
Rbx1/Roc1/Hrt1 and a member of the F box family) have been shown to play a major role in 
the regulation of the cell cycle (Su et al. 2005).  
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grr1 cells are defective in cell separation and Blondel et al., 2005, identified that for cell 
separation to occur, degradation of Hof1 is required for the assembly of an actomyosin ring 
by the SCFGRR1, containing the F box protein Grr1 (Blondel et al. 2005). The cell separation 
defect seen in grr1 cells may be due to lack of Hof1 degradation. Furthermore, Rpt2, Rpt4 
and Rpt6 are 3 of the 6 ATPases that form part of the 19S regulatory particle that make up 
part of the 26S proteasome, while Rpn4 is another subunit of the 19S regulatory particle 
(Glickman et al. 1998; Glickman et al. 1999). Taken that a down-regulation/deletion of one of 
these genes leads to a putative cell separation defect it indicates that the 19S regulatory 
particle and the 26S proteasome play a vital role, most likely in their ability to degrade 
regulatory proteins, so ensuring activation of the next part of the cycle/ pathway. Thus, it’s 
likely that ubiquitination may be a key player in the regulation of cell separation in S. 
cerevisiae. Further work will need to be undertaken to figure out the precise mechanism/ 
relationship.  
Protein glycosylation is the most common post translational modification of eukaryotic 
secretory and membrane proteins and there are two major forms; N-glycosylation (the 
addition of glycans to asparagines residues) and O- glycosylation (the addition of glycans to 
serine or threonine residues) (Lehle et al. 2006). A total of 19 strains with inactivated alleles 
of proteins involved in glycosylation was identified in the present screen; mnn2, anp1, hoc1, 
mnn10, mnn11, ost2, ost3, rft1, alg7, alg14, dpm1, ktr3, ktr4, mnn5, mnn1, och1, van1, 
mtn2, and swp1; all except Mtn2 and Mnn1 are involved in N-glycosylation.  
The process of glycosylating proteins is primarily believed to stabilise proteins and ensure 
correct folding of the protein, especially for those proteins that are being secreted out onto 
the cell surface; although a protein may still function properly in the absence of glycosylation 
but is likely to degrade faster (Lehle et al. 2006). N-glycosylation of proteins is also thought 
to play a role as signalling compounds within the cell; lysosomal proteins are sorted 
depending on the glycosylated chain attached to the protein and as a quality control for the 
folding of secretory proteins, thus only correctly folded proteins are delivered to the secretory 
pathway from the endoplasmic reticulum (ER) lumen to the cell surface (Lehle et al. 2006). It 
is also known that many cell surface receptors with key functions such as receptors of the 
plasma membrane are highly O-glycosylated and this modification is important for their 
stability, secretion/localisation and perhaps their function (Lehle et al. 2006). O-glycosylation 
is also thought to play a role in processing incorrectly folded proteins in the ER (Lehle et al. 
2006).  
Bioinformatic analysis predicts that the effectors of cell separation Cts1, Dse2, Dse4, Egt2, 
and Scw11 are glycosylated. Cts1 is O-glycosylated (Kuranda et al. 1991) and protein 
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sequence analysis of these effectors revealed many asparagines that have high predictive 
scores for N-glycosylation: Cts1 (Asn-553), Dse2 (Asn-4), Dse4 (Asn -138, 223, 259, 280, 
307), Egt2 (Asn-65, 103, 485, 506, 544) and Scw11 (Asn-78) (Haynes et al., unpublished 
data). Serine-threonine rich regions with predictive scores for O-glycosylation were identified 
in Cts1, Dse2 and Scw11 (Haynes et al., unpublished data). It is possible that glycosylation 
of these proteins enables them to be folded properly and may play a role in their proper 
function and localisation within the cell.  
Further examination of the N-glycosylation mutants showed that not all the N-glycosylation 
mutant genes had a cell separation defect e.g. only 4 (Anp1, Hoc1, Mnn10, Mnn11) of the 5 
subunits of α-1,6 mannosyltransferase were found to have a cell separation defect, 
suggesting that inhibition of defined steps of N-glycosylation causes a cell separation defect. 
These findings substantiate the data of Mondesert et al., 1997, who noted that mnn10, 
mnn11 and och1 (involved in the elongation of the polysaccharide mannan backbone of N-
linked oligosaccharides of glycoproteins in N-glycosylation and present in our screen) were 
multi-nucleated and suggested that N-glycosylation may be involved in cell cycle progression 
(Mondesert et al. 1997). More recently, Zhou et al., 2007, have shown that although mnn1 
did not show any difference in comparison to the wild-type strain, a double mutant of mnn1 
och1 led to defects in cell cytokinesis and aggregation of the cells, thereby indicating that N-
glycosylation influences cytokinesis/ cell separation within the cell (Zhou et al. 2007), as 
shown by our results in this present study. In contrast to Zhou et al., 2007, mnn1 was found 
to have a cell separation defect within our present screen; this difference may be ascribed to 
differences in strain variation and methods of constructing the knockout (Zhou et al. 2007). It 
is clear that N-glycosylation plays a vital role in ensuring progression of cytokinesis and cell 
separation within cells, most likely by regulating secretion of proteins required for 
cytokinesis/cell separation to the bud site (Zhou et al. 2007). Further experimentation will 
need to be undertaken to decipher the precise link between O- and N-glycosylation and cell 
separation. N-glycosylation is likely to play a larger role than O-glycosylation in cell 
separation.  
Interestingly, Xu and Haynes et al., unpublished data, have shown that nulls of genes 
involved in N-glycosylation and seen to have a cell separation defect in the screen, when 
assayed for TNFα production in a murine macrophage assay, the levels of cytokines elicited 
was comparable to those elicited by ace2 cells. This seems to suggest that changes in the 
glycosylation status of proteins may mediate virulence and this may be due to changes seen 
at the cell surface of cells by the immune system.  
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3.4.3 The Majority of the ram Network was Shown Not to Have a Cell Separation Defect  
Contrary to previous reports, none of the ram genes present in this screen except for hym1 
showed a cell separation defect (Racki et al. 2000; Bidlingmaier et al. 2001; Colman-Lerner 
et al. 2001; Du et al. 2002; Weiss et al. 2002; Nelson et al. 2003; Kurischko et al. 2005; Voth 
et al. 2005). The Tet-YKO library comprises of 638 strains in which an essential gene is 
placed under the control of a tetracycline regulatable promoter. In the presence of 10 µg/ml 
doxycycline, expression of the gene is repressed, although in many cases residual 
expression, thus allowing cell survival, is seen (Mnaimneh et al. 2004). In the absence of 
doxycycline, the gene is expressed constitutively, and not in a wild-type manner.  
As expression of CTS1 is almost exclusively regulated by Ace2 (King et al. 1997; King et al. 
1998), a northern was performed on the ram mutants, probing for the expression of CTS1, to 
check for Ace2 activity. Regardless of the presence or absence of doxycycline, CTS1 is 
clearly present in all ram mutants tested thereby suggesting that Ace2 has been activated, 
and this would account for their ability to undergo cell separation, see Figure 3.6. It was 
interesting to note that although CTS1 was expressed in hym1 cells regardless of the 
presence or absence of doxycycline, hym1 cells in the presence of doxycycline did display a 
cell separation defect. This indicates that Hym1 may regulate other proteins essential for cell 
separation to occur normally, see Figure 3.6. These results also suggest that very low levels 
of RAM proteins are required to activate Ace2 in the cell. 
Since the RAM network is essential in the S288C background the most likely explanation is 
that although the tet-promoter was switched off by the addition of doxycycline, the level of 
expression was still enough to activate Ace2 leading to cell separation. This can be 
confirmed by a northern probing for the expression of ACE2 in these cells. An alternative 
explanation is that the RAM network may not be essential for the activation of Ace2 and cell 
separation in the S288C background, perhaps an alternative mechanism exists, since all 
previous studies focusing on the RAM network utilise strains/backgrounds where RAM is not 
essential. This is the first study of ram mutants and cell separation in a strain where RAM is 
essential for viability.  
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3.4.4 Phenotypic Analysis of Strains with Inactivated Alleles of Genes Encoding 
Proteins of Unknown Functions 
From the screen a total of 13 separation defective strains were identified. These 13 strains 
were originally identified as having inactivated proteins of unknown function. None of the 
strains were growth sensitive to 2% (w/v) maltose (sensitivity indicates a defect in carbon 
catabolite repression), 3% (v/v) glycerol (sensitivity indicates a respiratory deficiency), or 
sensitive to cycloheximide (sensitivity indicates a defect in protein synthesis) and vanadate 
(sensitivity indicates a defect in protein glycosylation) (Hampsey 1997).  
Of the mutants tested, 5 strains (fyv1, pry3, ykr070w, yjl206c and yir016w), grew as the 
controls for all the media tested, while 7 mutants (ydr532c, apq12, hit1, ynl171c, yjl123c, 
yjr011c and ynl158w in the presence of doxycycline) may be involved in cell wall biogenesis 
as they were sensitive to 1 mg/ml calcofluor white and/or 0.1% (v/v) SDS, see Figure 3.8, 
3.10 and Table 3.5, (Hampsey 1997). As yjr011c was not sensitive to calcofluor white but 
sensitive to 0.1% (v/v) SDS, it is likely that the cell wall defect in yjr011c is less severe than 
compared to the other mutants or an alternative part of the cell wall is affected, since 
calcofluor white sensitivity is usually associated with chitin in the cell wall; and unlike the 
others, this was the only sensitivity seen by yjr011c, further indicating the defect is very 
slight, see Figure 3.8 and Table 3.5 (Hampsey 1997).  
ydr532c is believed to have the severest disrupted cell wall because it showed a growth 
sensitivity to a variety of media. It was the only mutant to be sensitive to 6% (v/v) ethanol, 
1.5 M sorbitol, 1 M NaCl and high concentrations of benomyl suggesting that its cell wall was 
more permeable compared to the other strains, see Figure 3.9 and Table 3.5. Although a 
sensitivity to ethanol is supposed to indicate defects in protein synthesis and a sensitivity to 
benomyl indicates a defect in microtubule synthesis (Hampsey 1997), it is unlikely that 
ydr532c has defects in these two processes because compared to their growth on YPD they 
were only slightly more sensitive, see Figure 3.9. They most likely show sensitivity because 
they possess a severe defect in the cell wall, so making the cells more permeable.  
ypl066w was the only mutant to display a sensitivity to growth on 10 mM caffeine, which 
indicates a defect in the MAP kinase pathway (Hampsey 1997). As ypl066w showed no 
sensitivity to 1.5 M sorbitol, 3% (v/v) formamide nor 1 M NaCl, it is less likely that the 
sensitivity seen was due to the cell being more permeable to osmotic effects and suggests 
that YPL066W may play a role in the MAP kinase pathway. One possibility is that Ypl066w 
acts upstream/downstream of Slt2, a serine/threonine MAP kinase involved in the regulation 
of the maintenance of the cell wall integrity and cell cycle progression. Thus, in the absence 
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of Ypl066w, Slt2 is not activated and cell separation does not occur. This may also be true 
for Apq12, Ynl158w and Ydr532c, as mutants of these display a sensitivity to growth on low 
and high concentrations of caffeine, see Figure 3.8, 3.9, 3.10, and Table 3.5. 
ynl158w was the only strain to be under the control of the Tet-promoter, and from the 
phenotypic screen it can be seen that ynl158w is sensitive to growth on doxycycline.  This 
can be attributed to the gene being downregulated within the cell, thus affecting its normal 
function, see Figure 3.10. Despite ynl158w showing an innate sensitivity to growth on 
doxycyline, it was even more sensitive to growth on calcofluor white and 1% (v/v) SDS, see 
Figure 3.10. In the absence of doxycycline, the gene is not expressed as it would be in wild-
type, but constitutively; hence it can be equated to overexpression of the gene in the 
absence of doxycycline. Comparing ynl158w in the absence of doxycycline to the parental 
strain, see Figure 3.8, shows no discernible differences between the two strains on the 
different media conditions indicating that the sensitivities seen for ynl158w is a direct 
consequence of the downregulation of YNL158W, see Figure 3.10 and Table 3.5. It’s likely 
that ynl158w has a defective cell wall and that ynl158w’s sensitivity to doxycycline may be a 
direct consequence of a more permeable cell wall allowing more doxycycline to enter the 
cells; this can be investigated by examining the growth of other Tet-YKO strains that do and 
do not possess a defective cell wall in the presence and absence of doxycyline and 
observing whether their growth is effected.  
From the phenotypic analysis, it is concluded that ydr532c, ynl158w, apq12, ynl171c, 
yjl123c, hit1 and yjr011c have defects in cell wall biogenesis, with ydr532c having the 
severest defect as it displayed the most sensitivities to a variety of different conditions. 
YPL066W is believed to be involved with the MAP kinase pathway in some way.  
Since the time when the screen was originally performed functions have now been assigned 
to several of the originally identified unknown genes, see Table 3.6.  
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Table 3.6: Updated description of the 13 strains originally identified with inactivated alleles of 
unknown function with a cell separation defect.  
Name ORF Function Predicted roles from 
phenotypic screen 
Reference 
     
Apq12 YIL040W Involved in the nucleocytoplasmic 
transport of mRNA 
Involved in cell wall 
biogenesis 
Montpetit et 
al., 2005 
Fyv1 YDR024W Not known – dubious ORF No phenotypes observed SGD 
Hit1 YJR055W Unknown Involved in cell wall 
biogenesis 
SGD 
Pry3 YJL078C Unknown No phenotypes observed SGD 
Ykr070w YKR070W Putative protein of unknown function. 
GFP-tagged Ykr070w is localised to the 
mitochondria. 
No phenotypes observed SGD 
Ynl171c YNL171C Unknown – dubious ORF Involved in cell wall 
biogenesis 
SGD 
Ypl066w YPL066W Unknown – GFP tagged Ypl066w 
localises to the bud and bud neck 
Involved in MAP kinase 
signalling 
SGD 
Yjl206c YJL206C Unknown – putative protein No phenotypes observed SGD 
Yjr011c YJR011C Unknown – putative protein Involved in cell wall 
biogenesis 
SGD 
Sdm1 YIR016W Unknown – putative protein No phenotypes observed SGD 
Kre28 YDR532C Unknown – GFP tagged Kre28 
localises to the nuclear side of the 
spindle pole body and along short 
spindles 
Involved in cell wall 
biogenesis 
SGD 
Pga1 YNL158W Component of the GPI-
mannosyltransferase II 
Involved in cell wall 
biogenesis 
Sato et 
al.,2007 
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Pga1 (Ynl158w) has been identified to be an essential component of the 
glycosylphosphatidylinositol-mannosyltransferase II complex by Sato et al., 2007 (Sato et al. 
2007).The glycosylphosphatidylinositol-mannosyltransferase complex is involved in the GPI-
anchoring of proteins that are modified in the ER and trafficked via the secretory pathway 
before localising to specific locations in the cell to carry out their function (Sato et al. 2007). 
Many GPI-anchored proteins are anchored to the cell wall and contribute to cell wall integrity 
(Sato et al. 2007). It is therefore not surprising that pga1 cells show various phenotypes 
associated with cell wall defects; it is likely that in these cells, proteins that contribute to cell 
wall intergrity and stability are not being GPI-anchored properly and therefore fail to localise 
to the cell wall leading to a loss of cell wall integrity and stability. This can be examined by 
observing the GFP localisation of GPI-anchored proteins in pga1 and wild-type cells since 
mislocalisation should only be observed in pga1 cells.  
Apq12 has been identified to play a role in nucleocytoplasmic transport of mRNA and 
chromosome segregation by Montpetit et al., 2005 (Montpetit et al. 2005). Montpetit et al. 
(2005) have shown that apq12 cells are delayed in anaphase and suggest that it is down to 
a defect in mitotic exit and this would explain the cell separation defect we see in apq12 cells 
(Montpetit et al. 2005). Our screen suggests that Apq12 plays a role in cell wall biogenesis/ 
integrity as apq12 cells are sensitive to calcofluor white and SDS, it is likely that the proper 
transcription/ translation of genes/proteins involved in cell wall integrity and biogenesis are 
affected in apq12 cells. 
 
3.4.5 TEM of Cell Separation Defective Mutants 
Although steps were taken to minimise artefacts from the screen performed to identify cell 
separation mutants, such as artefacts caused by flocculation, the screen was still performed 
in a qualitative fashion and is still liable to error. For example, Baladron et al., 2002, showed 
that dse4/eng1 had a cell separation defect in the YPA24 background (Baladron et al. 2002), 
yet in our screen dse4 does not have a cell separation defect in the S288C background; this 
could be due to strain differences but DSE4 is not essential for cell viability. Cell separation 
mutants reported by others, have also been seen in this screen, dse2, cts1, etc., and the 
present screen has identified a total of 178 putative cell separation defective mutants not 
previously described by others. To further validate these results and examine the nature of 
the cell separation defect, six cell separation mutants from the screen were selected and 
examined by TEM; anp1, spc72, sdm1/yir016w, erg7, rpt6, and ost3. 
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Preliminary data from the TEM analysis indicates that anp1, spc72, erg7, ost3 have a cell 
separation defect as more than one cell is joined to another cell at their septum; while 
indications are that sdm1 may have a cell separation defect despite observing that the 
majority of the cells are grouped as doublets, see Figure 3.11 and 3.12. Finally, rpt6 is 
believed not to have a cell separation defect despite having being identified as one in the 
screen for cell separation mutants; the majority of rpt6 cells appear to be single cells under 
TEM analysis with an abnormal cell shape with “invaginations” and a thick septum, see 
Figure 3.12.  
Anp1 is a type II membrane protein and is located within the cis-Golgi in cells, and is part of 
a complex consisting of Hoc1, Mnn11 and Mnn9. This complex has α-1, 6 
mannosyltransferase activity and extends the mannan backbone of a glycoprotein in the 
Golgi, and is involved in N-glycosylation (Jungmann et al. 1998; Jungmann et al. 1999). The 
extension of the mannan backbone is a tightly regulated process as a particularly subset of 
glycoproteins have this structure only, usually secreted enzymes or “mannan” structural 
proteins of the cell wall (Jungmann et al. 1998; Jungmann et al. 1999). A defect in ANP1 
leads to the production of shorter glycan chains on glycoproteins (6-16 residues instead of 
50 residues) (Jungmann et al. 1998; Jungmann et al. 1999), and this will have affected the 
composition of the cell wall being produced as a result. The “thicker” septum observed (this 
observation will need to be confirmed by further analysis) as a consequence of the loss of 
Anp1 compared to the ace2 and BY4741 cells may be the cell compensating for the loss of 
rigidity in the cell wall due to a change in structure of the glycoproteins (much shorter 
glycans), see Figure 3.11. Thus, the cell may be compensating by increasing the amount of 
glycoproteins required to create the cell wall, leading to a thicker septum. Due to the 
increased thickness of the septum, it is likely that the enzymes secreted to degrade the 
septum during cell separation fail to fully degrade the septum and/or are unable to recognize 
the correct structures on the glycoproteins to target for degradation leading to a failure in cell 
separation. Since chitin is the main composition of the septum, there is also the possibility 
that the mutated glycoproteins produced as a result of the loss of Anp1 somehow “mask” the 
chitin more efficiently from the degradation enzymes.  
Spc72 is a component of the γ-tubulin (Tub4) complex which binds to the spindle pole body 
and links it to microtubules to ensure correct nuclear migration occurs within the cell (Knop 
et al. 1998; Hoepfner et al. 2002; Maekawa et al. 2007; Snead et al. 2007). Recently, Spc72 
has being reported to be involved in regulation of the Spindle Orientation Checkpoint 
(SPOC) in yeast (Maekawa et al. 2007). The SPOC actively inhibits the MEN from occurring 
if there is a defect in spindle positioning and thus ensures no cells undergo anaphase with a 
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misaligned spindle (Maekawa et al. 2007; Snead et al. 2007). In the absence of Spc72, 
shorter microtubules are produced, and the SPOC checkpoint is skipped (Maekawa et al. 
2007) (Knop et al. 1998; Hoepfner et al. 2002), and the cell is more likely to proceed through 
to MEN. It is speculated that the misaligned spindle, due to the absence of Spc72, prevents 
correct segregation of chromatids leading to a block in cell separation after exit from MEN.  
Erg7 is a lanosterol synthase and catalyses the cyclization of squalene 2,3-epoxide in the 
ergosterol biosynthesis pathway, producing ergosterol as an end product (Corey et al. 1994; 
Shi et al. 1994; Kennedy et al. 1999).  Ergosterol is the equivalent of cholesterol in yeast, 
and similar to cholesterol, ergosterol is a component of the cell membrane (Kennedy et al. 
1999). Ergosterol is also a growth factor in yeast (Corey et al. 1994; Shi et al. 1994). In the 
absence of Erg7, ergosterol synthesis is disrupted, leading to a shortage of ergosterol in the 
cells. It is possible the shortage in ergosterol causes defects in the cell membrane produced 
by the daughter cell and as a compensatory mechanism the cells produce a thicker septum 
between the mother and daughter cell, see Figure 3.12. This thicker septum is not fully 
degraded during cell separation, which maybe why a cell separation defect is observed in 
erg7 cells.  There is also the possibility that the lack of ergosterol as a growth factor prevents 
daughter cells from reaching the critical size needed for cell separation to take place, and so 
leads to a block in cell separation. This latter option is unlikely because if this was true, cells 
should not be able to initiate mitosis as the critical size would not be reached in the mother 
cell before START.  
In the absence of doxycycline, the gene is expressed constitutively, and not in a wild-type 
manner; the TEM analysis therefore indicates that over expression of ERG7 leads to a 
thicker septum being produced, see Figure 3.12. This thicker septum may be the result of 
over-synthesis of ergosterol, a component of the cell membrane.   
Ost3, like Anp1, is involved in N-glycosylation, however Ost3 acts upstream from Anp1 and 
forms the γ-subunit of the oligosaccharyltransferase (OST) complex of the ER lumen which 
catalyses the transfer of 14 saccharides (Glc3Man9GlcNAc2) from a dolichol pyrophosphate 
donor onto the nitrogen of an asparagines side chain in a Asn-X-Ser/Thr consensus 
sequence (Karaoglu et al. 1995; Chavan et al. 2005). Ost3 is not required for 
oligosaccharyltransferase activity in the cell, and in the absence of Ost3, a subset of 
glycoproteins are found to be underglycosylated (Karaoglu et al. 1995; Chavan et al. 2005; 
Schwarz et al. 2005). It is thought that two distinct OST complexes exist within the yeast cell, 
only differing by either an Ost3 or an Ost6 subunit and this distinction in subunits regulates 
which subset of proteins are glycosylated (Schwarz et al. 2005). Ost6 is believed to be 
required for the glycosylation of proteins involved in cell wall formation or growth at high 
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temperatures (Schwarz et al. 2005), while in vivo, loss of Ost3 leads to underglycosylation of 
soluble and membrane glycoproteins (Karaoglu et al. 1995). In addition, the OST complex is 
thought to interact with the translocon complex to ensure the efficient translocation of 
proteins into the ER for post-translational modification (Chavan et al. 2005). A loss of Ost3 
may therefore cause a defect in cell separation either by the inefficient translocation of the 
correct subset of proteins required for formation of a correct cell membrane or, a more viable 
option, is the inappropriate translocation of degradation enzymes required for cell separation 
through the ER and Golgi for post-translational modification.  It is known that Cts1, the main 
enzyme thought to be required for cell separation, is O-glycosylated (Kuranda et al. 1991) 
and the main enzymes required for degradation of the septum between mother and daughter 
cells have predictive N-glycosylation sites within their structure by bioinformatical analyses 
(Haynes et al., unpublished data). The cell separation defect seen in ost3 could be due to 
the inefficient glycosylation of these enzymes, thus affecting their functions/ localisation.  
Rpt6 is one of the six ATPases of the 19S regulatory particle of the 26S proteasome (Rubin 
et al. 1998; Xie et al. 2000), and is involved in the degradation of proteins.  The 26S 
proteasome is composed of the 20S core protease and two 19S particles; the 19S particle is 
responsible for unfolding the targeted protein before transferring it to the 20S core protease 
for further processing (Rubin et al. 1998; Xie et al. 2000). Interestingly, the six ATPases 
(Rpt1-6) are not functionally redundant (Rubin et al. 1998). The proteosome is a vital part of 
normal cellular function; in mammals, a variety of major diseases, such as 
neurodegenerative diseases, are due to mutations in the proteasome (Zhang et al. 2007).  
The initial TEM data indicates that rpt6, regardless of whether doxycycline is present or not, 
does not appear to have a cell separation defect; cells were found to be either single cells or 
joined to the septum to one other cell, but have an abnormal cell shape, see Figure 3.12. 
This was a rather surprising finding considering the large number of genes found to be 
involved with regulation of the proteosome and function - including rtp2 and rtp4, 2 of the 6 
Atpases of the 19S regulatory particle, which are not functionally redundant - were also 
identified to be putative cell separation defective mutants. The screen for cell separation 
mutants indicated that the proteosome and ubiquitination play a role in cell separation, most 
likely via degradation of regulatory proteins that regulate cell cycle progression. In addition, 
Blondel et al., 2005, have shown that Hof1 degradation by ubiquitination and the 
proteosome is required for cell separation to occur (Blondel et al. 2005), thus providing 
evidence that ubquitination, and thereby the proteosome, play a role in cell separation. A 
possibility is that the remaining 5 ATPases of the 19S regulatory particle of the 26S 
proteasome were able to compensate for the lack of Rtp6 despite not being functionally 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 3– Screen for Cell Separation Mutants 
 
 
122 
 
redundant within the cell; it would be interesting to see how a deletion of more than one Rpt 
protein affects cell separation. Further TEM analysis should be undertaken to confirm that 
rpt6 does not have a cell separation defect, and this suggests that observation of all 
identified cell separation defective mutants under TEM analysis may be worth undertaking.  
Preliminary TEM data indicates that rpt6 in the presence of doxycycline has an abnormal 
shape with invaginations that is not normally seen in the control, implying that proteins 
related to morphogenesis and cell wall organisation have most likely being affected by the 
reduced level of rtp6 present within the cell, see Figure 3.11 and 3.12. In addition, rpt6 cells 
in the presence of doxycycline appear to have an abnormally thick septum when compared 
to the control, see Figure 3.11 and 3.12. This abnormally thick septum could explain the 
possible cell separation defect seen in rpt6 cells. A likely scenario would be that the septum 
is too thick to degrade fully by enzymes such as Cts1 and hence a cell separation defect 
would be seen. The abnormally thick septum may be due to a defect in the degradation of 
regulatory proteins involved in cell cycle progression.  
It has to be noted that all TEM analysis undertaken during this study represents preliminary 
data only. All the indicated observations need to be confirmed via further qualitative TEM 
analysis and experimentation. One of the key disadvantages of using TEM is that the image 
you see is taken from a certain plane of that sample; therefore, depending on the plane, 
angle and depth taken from a sample, the image seen may vary. If the sample taken for the 
rpt6 cells for example were such that the attached cells were below the initial slice taken, 
then the image seen would imply that there was no cell separation defect for those cells (by 
only taking the top layer of something does not portray the full appearance of something).  
It was noted that during the initial embedding of the cells, the control sample was the only 
sample to have a high concentration of cells present in the TEM samples after embedding, 
while for all the other samples very few cells seem to be present despite the same 
concentration of cells been approximately used (1x108 cells/ml). A partial explanation is that 
during preparation, the mutant cells, especially ace2, were difficult to pellet. It is highly likely 
that a proportion of cells were lost during the washes. In addition, the precise penetration 
conditions for the secondary fixative and the EPON have yet to be optimised as can be seen 
from the poor penetration seen in some of the TEM images (the white areas and the lack of 
detail seen in the structure of the septum of the cells), see Figure 3.11 and 3.12.   
More TEM work will need to be undertaken to confirm the above observations with greater 
focus on gaining a clear, distinct image of the septum between mother and daughter cells, 
optimisation of sample handling, and focusing on using a higher resolution magnification. 
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Quantitative TEM analysis of the septum between cell separation mutants should be carried 
out.  
 
3.4.6 Yir016w involvement in cell separation? 
Very little is known about YIR016W, although Williams et al. in 2002 identified UME6 to be a 
regulator of YIR016W (Williams et al. 2002), and Ume6 is a transcription factor that 
regulates both the repression and activation of a diverse number of genes involved in growth 
and meiotic development (Williams et al. 2002). In the secondary screen for cell separation 
mutants, yir016w was identified to have a cell separation defect after treatment by 1 mM 
EDTA and 1 mM MnCl2 maintained the cell separation defect seen in the primary screen.  
In 2008, Nui et al. screened the entire S. cerevisiae ORF library for cell cycle delay 
phenotypes by placing the genes under the control of a GAL promoter and overexpressing 
them in a bid to identify novel cell cycle regulatory genes (Niu et al. 2008). From the screen, 
Yir016w was identified to cause a cell cycle delay when overexpressed and formed large 
budded cells; they further classified Yir016w as a G2 / M cell cycle regulatory gene (Niu et al. 
2008). Furthermore, Yir016w was found to be resistant to treatment by hydroxyurea (Niu et 
al. 2008).Hydroxyurea inhibits ribonucleotide reductase, an enzyme necessary for DNA 
synthesis; genes that are involved in DNA synthesis or the DNA replication fork checkpoint 
will usually be sensitive to hydroxyurea (Niu et al. 2008). Since Yir016w is resistant to 
hydroxyurea it is unlikely to be involved in DNA synthesis or the DNA replication fork 
checkpoint.   
A large scale yeast-2-hybrid screen carried out in 2001 by Ito et al. showed that Yir016w 
interacted with Cbk1 and Mob2 (Ito et al. 2001). Cbk1 and Mob2 are both part of the RAM 
network and activate Ace2 leading to cell separation (Nelson et al. 2003). Taken together 
with the recent data published by Niu et al., 2008, that overexpression of Yir016w leads to a 
cell cycle delay in G2/ M phase and large budded cells, Yir016w most likely plays an 
important role in cell cycle regulation (Niu et al. 2008). Whether Yir016w’s role is directly 
linked to cell separation or by an indirect method remains to be elucidated; however, our 
findings implicate Yir016w in cell separation, see Section 3.3.2. As further evidence, a 
quantitative analysis of the cell separation defective phenotype in yir016w was carried out 
after the finishing of this thesis by Minuzzi et al. (unpublished) where the “groups” in yir016w 
and the parental strain were classified according to whether they were single cells, 2 
adjoined cells or in groups of 3 or more cells; over 7,500 groups of cells were examined in 
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this screen. Minuzzi et al. showed that 8.58% of cells were classed as single cells, 44.43% 
of cells were classed as 2 adjoined cells, and 46.98% of cells were classed in groups of 3 or 
more, this in contrast to the parental strain (52.91%, 34.07%, and 13.02% respectively); chi-
squared analysis showed that this was statistically significant with a two-tailed p value of less 
than 0.0001.  
Preliminary structural data from the TEM analysis did not show yir016w attached to 3 or 
more cells at one time as predicted of a cell separation defective mutant; instead, the 
majority of yiro16w cells were found as two adjoined cells and not as a single cell on its own, 
see Figure 3.11. In addition, the majority of the yir016w cells had a fully formed septum and 
this was in contrast to the parental control, BY4741, which was mainly found as single cells 
in the TEM analysis, see Figure 3.11. Interestingly, considering the strong cell separation 
defect of ace2 and anp1 cells, the initial TEM analysis did not reveal a large number of cells 
adjoined to one another; the largest observed “clump” of cells for ace2 was 7 adjoined cells 
and anp1 was 4 adjoined cells, whereas it was predicted that large “clumps” would be seen 
during the TEM analysis for these mutants as they had such a severe cell separation defect.  
That the cell separation defective phenotype of yir016w was not confirmed by the preliminary 
TEM analysis is most likely explained by the small sample size taken for TEM analysis. 
Minuzzi et al. (unpublished) showed that in yir016w the population of 2 cells adjoined versus 
the populations of cells in groups of 3 or more are at a similar ratio to one another, by 
therefore only taking a small sample of the population for TEM analysis it may have resulted 
in a biased towards the population of cells classified in groups of 2. A larger sample size 
should therefore be undertaken to confirm the TEM analysis of yir016w.  
Taking all the data available for Yir016w, it is possible that Yir016w may function as a 
negative regulator of the cell cycle and thereby cell separation. Niu et al., 2008, noted that 
an overexpression of Yir016w led to a delayed cell cycle in G2 / M phase, suggesting that 
Yir016w may play a role in inhibiting genes/proteins involved in cell cycle progression. It is 
possible that Yir016w may play a role in the regulation of ACE2, as Ace2 is the transcription 
factor that regulates expression of M/ G1 phase genes for cell cycle progression – the phase 
directly following G2/M. If this was true, in yir016w cells one would be expected to see the 
cell cycle progress at a faster rate, this might explain the higher proportion of cells seen 
adjoined to 2 cells in yir016w compared to the wild-type as this could be the result of yir016w 
cells progressing through the cell cycle at a faster rate than the parental cells. This can be 
confirmed by studying synchronised cultures of yir016w and BY4741 via flow cytometry and 
examining the rate of cell cycle progression like Nui et al., 2008, did for their overexpression 
analysis (Niu et al. 2008). It is possible that the cell separation defect seen in yir016w is a 
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side effect of the increased progression in the cell cycle; daughter cells begin their next cell 
division cycle prior to cytokinesis and cell separation have finished between themselves and 
their mother cells. This may also explain why only a subtle mild cell separation defect is seen 
in yir016w cells compared to ace2 cells since cell separation is still intact in yir016w cells 
albeit at a slower rate. Further experimentation will need to be carried out to examine this 
hypothesis further.  
Based on two observations, the data presented here suggests that Yir016w is not part of the 
RAM network that regulates the expression of ACE2. Firstly, polarisation is maintained in 
yir016w cells, see Figure 3.5, whereas ram mutants have a defect in polarised growth and 
thus appear as round cells (Nelson et al. 2003; Kurischko et al. 2005). Secondly, YIR016W 
is not an essential gene, whereas all the known members of the RAM genes in the S288C 
background are essential. Bioinformatical analysis of Yir016w revealed little information, the 
NetPhos 2.0 Server (Blom et al. 1999) suggests that Yir016w may be phosphorylated, while 
the PSORT II server (Horton et al. 1997) predicted that Yir016w is likely to be localised to 
the nucleus using the Reinhardt’s method and κ-NN prediction (94.1% and 52.2% 
respectively). Therefore, if Yir016w is indeed regulating the expression of ACE2 as part of its 
role in cell cycle progression, it is most likely doing so downstream of the RAM network.  
For the remainder of this study, YIR016W will be known as SDM1, Defective in Separation of 
Daughter and Mother Cell 1. 
 
3.5 Conclusion 
In conclusion, a total of 178 potential novel cell separation defective S. cerevisiae mutants 
were identified by this screen. A total of 13 groups over and under represented for the cell 
separation defect were identified giving an indication of possible processes involved in cell 
separation. In particular, inhibition of proteins involved in defined steps of N-glycosylation 
and ubiquinitation lead to a cell separation defect.  
Furthermore, 11 uncharacterised gene products have been identified with a potential role in 
cell separation and 7 of the originally uncharacterised gene products (Ydr532c, Ynl158w, 
Apq12, Hit1, Ynl171c, Yjl123c and Yjr011c) have been implicated in cell wall function while 
Ypl066w has been implicated to be involved in the MAP kinase pathway via a series of 
phenotypic assays.  
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The principle finding, in respect of this thesis, was the identification of the uncharacterised 
gene, YIR016W, termed Defective in Separation of Daughter and Mother Cell 1 (SDM1) as 
playing a role in cell cycle progression and cell separation. Sdm1 has been found to interact 
with the RAM proteins Cbk1 and Mob2 that regulate the expression of Ace2, which in turn 
regulates cell separation. Further examination of Sdm1 may yield a greater understanding of 
the involvement of the RAM network in the cell separation machinery in S. cerevisiae. The 
remainder of this study will therefore be focused on elucidating the function and role Sdm1 
plays in cell cycle progression and cell separation. 
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Chapter 4: Yeast -2-Hybrid Screen of Sdm1 
 
4.1 Overview 
From the cell separation defective screen, YIR016W, termed Defective in Separation of 
Daughter and Mother Cell 1(SDM1) was identified to be a gene that could play a role in cell 
cycle progression and in cell separation. Sdm1 physically interacts with both Mob2 and 
Cbk1, two components of the RAM network that directly regulate Ace2, in a yeast-2-hybrid 
screen. The decision was made to fully characterise and investigate Sdm1’s role in cell cycle 
progression and cell separation.  
To hypothesise how Sdm1 may play a role in cell cycle progression and cell separation, 
proteins that were shown to interact with Sdm1 were examined. Further Sdm1 yeast-2-
hybrid interactions have been reported with Kap104, a transportin involved in nucleus import, 
Ypi1, a protein phosphatase involved in protein amino acid dephosphorylation and glycogen 
metabolism, and Yrb2, a protein involved in nuclear export (Aitchison et al. 1996; Taura et al. 
1998; Noguchi et al. 1999; Ito et al. 2001; Garcia-Gimeno et al. 2003). Based on these 
interactions, a variety of hypothesises can be proposed to explain Sdm1’s involvement in cell 
cycle progression and cell separation.   
 
4.1.1 Kap104 is Involved in the Nuclear Import of Sdm1? 
Kap104 is a member of the beta karyopherin family; a family of soluble and structurally 
related proteins that serve as receptors in nucleocytoplasmic transport (Lee et al. 1999; 
Asakawa et al. 2002; Lange et al. 2008). They function by binding onto cargo and 
transporting it in and out of the nucleus. The interaction between the karyopherins and their 
cargo is regulated by Ran GTPases (Lee et al. 1999; Asakawa et al. 2002). In the nucleus, 
Ran (Gsp1 in S. cerevisiae (Belhumeur et al. 1993; Seki et al. 1996)) is maintained in the 
GTP-bound form by the nuclear restricted GTP exchange factor Rcc1 (Regulator of 
Chromtin Condensation), Prp20 in S. cerevisiae (Belhumeur et al. 1993; Seki et al. 1996; 
Lee et al. 1999); while in the cytoplasm, Ran is maintained in a GDP bound form by Ran 
GTPase activating proteins’ localisation to the cytoplasm and the cytoplasmic filament of the 
nuclear core complexes (Lee et al. 1999). It is this separation of the two pools of the different 
Ran forms that regulates transport across the nuclear pore complex. The formation of an 
import complex is stable in the presence of Ran-GDP (Ran-GDP is present in the 
cytoplasm), but the presence of Ran-GTP causes the complex to disassemble (Ran-GTP is 
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present in the nucleus) (Lee et al. 1999; Asakawa et al. 2002; Lange et al. 2008). Similarly, 
the formation of an export complex is stable in the presence of Ran-GTP, but disassembles 
in the presence of Ran-GDP (Lee et al. 1999; Asakawa et al. 2002; Lange et al. 2008), 
thereby providing a mechanism ensuring that cargoes are loaded and released at the 
appropriate times.  
Research has shown that Kap104 is a nuclear import receptor for two essential mRNA-
binding proteins, Nab2 and Nab4/Hrp1 (Aitchison et al. 1996; Lee et al. 1999). Studies have 
shown that the binding of Ran is not sufficient to release Nab2 and Nab4 from Kap104, RNA 
is also required for their efficient release (Lee et al. 1999). In addition, their binding of 
Kap104 is dependent on the presence of a rich RG-rich domain, termed an rg-NLS domain, 
which acts as a Kap104-dependent nuclear import signal (Lee et al. 1999). Lee et al., 2006, 
proposed a set of predictive rules that the human karyopherinβ2, a homologue of S. 
cerevisiae Kap104, follows to recognize its correct nuclear localisation signal, and thereby its 
binding partners (Lee et al. 2006; Lange et al. 2008). They proposed that the NLS would be: 
structurally disordered, have a basic net charge and have a hydrophobic or basic domain 
upstream of a C-terminal R/H/KX2-5PY motif (Lee et al. 2006; Lange et al. 2008). This NLS 
was termed PY-NLS to differentiate it from the classical NLS. Lange et al., 2008, further 
showed that this PY-NLS is conserved in S. cerevisiae, and was required for nuclear import, 
receptor binding and protein function of Hrp1, a cargo known to bind to and imported by 
Kap104 (Lange et al. 2008). However, this NLS was different to the one previously described 
by Lee et al. in 1999 for Nab2 and Nab4 (Lee et al. 1999), which requires a RG-rich region in 
its NLS domain. Thus, Kap104 can interact with proteins and transport them into the nucleus 
via a rg-NLS or a PY-NLS signal. It is believed that Kap104 acts independently of the 
classical NLS pathway and bypasses the requirement for an NLS binding adapter (Aitchison 
et al. 1996; Lee et al. 1999; Lange et al. 2008). 
Asakawa et al., 2002, have shown that Kap104 plays a role in cell cycle progression, a 
kap104-E604K suppresses the mutation seen by a cdc15 mutant (defect in MEN); in 
addition, the kap104-E604K mutation was generally found to suppress the MEN defect, but 
this was dependent on the Swi5-Sic pathway (Asakawa et al. 2002). In kap104-E604K cells, 
mitosis was shorter than compared to wild-type cells, initiation of DNA replication was 
delayed, an elevated rate of chromosome loss was observed, and cells with multiple buds 
and a large restricted nucleus began to be observed at a low frequency (Asakawa et al. 
2002). Based on the above observations, Asakawa et al., 2002, speculate that Kap104 is 
involved in the temporal control of mitosis (Asakawa et al. 2002).  
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Asakawa et al., 2002, proposed that Kap104 is involved in the regulation of Cdc14, whose 
activation leads to the end of mitosis, after observing that Cdc14 was delocalised from the 
nuceololus in kap104-E604K cells. This early release of Cdc14 is believed to lead to 
progression of the cell cycle (Asakawa et al. 2002). The activation of Cdc14 by kap104-
E604K, is proposed to be in a Spo12-dependent manner leading to the activation of the 
Swi5-Sic pathway and thus exit from mitosis (Asakawa et al. 2002).  
Given that Kap104 has been shown to be involved in cell cycle progression, it is possible 
that it may play a role in the cell separation defect seen in sdm1 cells. Bioinformatic tools 
used to analyse the amino acid sequence of Sdm1 have predicted that there is no classical 
NLS signal present within Sdm1, and this fits in with the proposal that Kap104 acts 
independently of the classical NLS pathway (Aitchison et al. 1996; Lee et al. 1999; Lange et 
al. 2008). Although, only a fraction of proteins have been identified as Kap104 targets for 
nuclear transport, Kap104 was shown to have a physical interaction with Sdm1 in a yeast-2-
hybrid screen (Ito et al. 2001). We hypothesise that Kap104 may import Sdm1 into the 
nucleus. There, the imported Sdm1 may interact with the imported Ace2-Mob2-Cbk1 
complex, which is localised to the nucleus towards the end of mitosis (Colman-Lerner et al. 
2001; Weiss et al. 2002).  
We further hypothesise that the interaction of Sdm1 with this complex causes the 
disassociation of Ace2 from the complex, perhaps via a conformational change inhibiting the 
binding of Ace2 to this complex. Ace2 is then “free” to activate those genes required for 
degradation of the cell wall, such as CTS1, leading to cell separation. Weiss et al., 2002, 
have suggested that Cbk1 functions to block the export of Ace2 from the nucleus via 
phosphorylation of its NES and this proposal has been supported by Sbia et al., 2008, and 
Racki et al., 2007 (Weiss et al. 2002; Bourens et al. 2007; Sbia et al. 2008), Cbk1 and Mob2 
are therefore not the signal for Ace2’s activation. It is possible that Sdm1 may function to 
block the export of Ace2 from the nucleus, thus perhaps Sdm1 is only imported into the 
daughter cell nucleus.  
Another possibility is that Sdm1 is only imported into the mother cell nucleus and in the 
mother cell nucleus dephosphorylates the NES signal of Ace2, thereby allowing Ace2 to be 
exported from the mother nucleus only and targeted for degradation; however, this would not 
explain the cell separation defect seen in sdm1 cells. It is very unlikely that Kap104 acts to 
import the Ace2-Cbk1-Mob2 complex into the nucleus, because Ace2 contains a classical 
NLS signal indicating it is imported into the nucleus via a nuclear importer that utilises the 
classical NLS pathway, such as the importin-β family of which the majority of transport 
factors belong to (Hahn et al. 2008).  
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Hahn et al., 2008, have recently shown that Swi5 is a cNLS cargo; a fragment of Swi5 
containing the NLS was expressed in bacteria and this fragment was found to interact with 
the importin proteins, Impα and Impβ (Hahn et al. 2008). Impα and Impβ form part of the 
trimeric NLS protein/ Impα/ Impβ complex that is translocated across the nuclear pore 
complex and this complex is mediated by Impβ (Hahn et al. 2008). Unlike vertebrates, S. 
cerevisiae only has one variant of the protein Impα, called Kap60, while Impβ is known as 
Kap95 (Hahn et al. 2008). In addition to showing that Swi5 interacted with Impα and Impβ, 
Hahn et al., 2008, showed that Swi5 was not imported to the nucleus in impα, impβ and 
nup2 mutants (Hahn et al. 2008); Nup2 was found to be essential for nuclear import of these 
proteins (Hahn et al. 2008). Swi5 is therefore hypothesised to be imported into the nucleus 
via the trimeric NLS protein/ Impα/ Impβ complex. Since Swi5 is extremely similar to Ace2, 
and the NLS region is conserved between Ace2 and Swi5, Ace2 is likely to be imported into 
the nucleus via the same pathway. Therefore, it is hypothesised that Ace2 is not imported 
into the nucleus via Kap104, but is instead imported via the trimeric NLS protein/ Impα/ Impβ 
complex, which is also used for the import of Swi5 into the nucleus.  
 
4.1.2 Nuclear Shuttling of Ace2 or Sdm1? 
Yrb2 has been shown to have a physical interaction with Sdm1 via a yeast-2-hybrid screen 
(Ito et al. 2001). YRB2 is one of three genes within the entire genome that was indicated to 
have a Ran-binding region; YRB1, being the first to be described, and NUP2, which encodes 
a non-essential nucleoporin (Taura et al. 1998). As mentioned previously, Ran, or Gsp1 in S. 
cerevisiae, is vital for the movement of macromolecules in both directions across the nuclear 
envelope (Belhumeur et al. 1993; Taura et al. 1998; Lee et al. 1999; Asakawa et al. 2002; 
Lange et al. 2008).  
The current model proposes that Ran-GDP is required for the formation of importin-substrate 
complex formation for entry into the nucleus, and Ran-GTP is required for the formation of 
NES-containing proteins-exportin complexes for export out of the nucleus (Belhumeur et al. 
1993; Taura et al. 1998; Lee et al. 1999; Asakawa et al. 2002; Lange et al. 2008). The levels 
and state of Ran is controlled by its localisation; in the cytoplasm, Ran is maintained in its 
GDP bound state due to the action of the Ran-GTPase activating protein, Rna1, while in the 
nucleus Ran is maintained in its GTP bound state due to the action of the Ran nucleotide 
exchange factor, Rcc1, Prp20 in S. cerevisiae (Belhumeur et al. 1993; Seki et al. 1996; 
Taura et al. 1998). In addition, a secondary set of proteins, termed Ran-binding proteins, 
exist and affect the activity of Ran; for example, Yrb1, the first Ran-binding protein 
described, stimulates the Ran-GAP dependent GTPase activity of Ran and the disassembly 
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of the Ran-GTP-importin complexes (Bischoff et al. 1995; Schlenstedt et al. 1995; Kutay et 
al. 1997; Taura et al. 1998).  
Unlike Yrb1, Yrb2 is not required for protein nuclear import or mRNA export and is located 
within the nucleus (Taura et al. 1998). It is also structurally conserved from yeast to man, 
and most likely functionally conserved, as the S. pombe homologue Hba1 can substitute for 
Yrb2 (Noguchi et al. 1999). Analysis of Yrb2 reveals that in addition to the Ran binding 
domain, Yrb2 contains two FXFG and three FG repeats that are characteristic of 
nucleoporins (Taura et al. 1998). 
Taura et al., 1998, showed that Yrb2 interacted with Crm1/Xmo1, a nuclear exportin receptor 
that is best known for exporting proteins with a consensus leucine rich NES signal, but did 
not seem to interact with other members of the exportin/importin families (Taura et al. 1998; 
Hood et al. 2001). Noguchi et al., 1999, proposed that Yrb2 may form a trimeric complex 
with Crm1 and GTP-Gsp1 to stimulate nuclear protein export, since a yrb2 cold sensitivity 
was rescued by both overexpression of Gsp1 and Crm1, and yrb2 cells are synthetic lethal 
with a crm1 mutation (Noguchi et al. 1999). In addition, Yrb2 is required for efficient export of 
Crm1-mediated cargo in cells, although its role remains unclear (Taura et al. 1998; Moy et 
al. 2002). In vitro, Yrb2 dissociates the Crm1/NES/RanGTP export complex, thus it may act 
as a terminal release step; others suggest that Yrb2 may act as an adapter protein for Crm1 
to bind and form an export complex, and in this scenario, one would expect Yrb2 to be 
essential, which it is not (Taura et al. 1998; Moy et al. 2002).  
Yrb2 is also speculated to have an additional role that is distinct from its role in nuclear 
transport. Taura et al., 1997, showed that Yrb2 interacted with Prp20, the Ran nucleotide 
exchange factor, as well as Gsp1, the S. cerevisiae Ran protein; Yrb2’s function was found 
to be dependent on the presence of the Ran-binding domain (Taura et al. 1997). Yrb2 may 
play a role in the regulation of the RanGTP/GDP cycle, since Noguchi et al., 1997, showed 
that Yrb2 was able to enhance the RanGAP activity of Rna1(Noguchi et al. 1997). This 
proposal has been supported by Wang et al., 2005, whom proposed that the Ran cycle was 
regulated through Yrb2 by the Gtr1-Gtr2 cycle (Wang et al. 2005). Gtr1 and Gtr2 are 
conserved throughout evolution and Gtr1 is believed to be a putative GTPase that functions 
in complex with Gtr2 (Wang et al. 2005). In vitro, in the absence of Yrb2, the Gtr1-Gtr2 
complex did not affect the Rna1-mediated hydrolysis of Gsp1 (Wang et al. 2005). However, 
when the Gtr1-Gtr2 complex was mixed with Yrb2, the RanGAP activity of Rna1 was found 
to be inhibited in a dose-dependent manner, suggesting that the ability of Yrb2 to enhance 
the RanGAP activity of Rna1 was blocked by the addition of Gtr1-Gtr2 (Wang et al. 2005). 
This indicates that Gtr1-Gtr2 inhibits RanGAP activity of Rna1 via Yrb2, thus, Gtr1-Gtr2 
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negatively regulates Rna1 and thereby the RanGTP/GDP cycle and Yrb2 is the factor that 
links both these cycles (Wang et al. 2005). 
In what way could Yrb2, a protein involved in nuclear export and Ran GTP/GDP cycle 
regulation, be involved in cell separation and Sdm1? One theory is through its involvement in 
nuclear export, efficient Crm1 nuclear export requires the presence of Yrb2 (Taura et al. 
1998; Moy et al. 2002). Furthermore, it has been shown that Ace2 physically interacts with 
Crm1 via its N terminal domain and is exported out of the mother cell nucleus during G1 
(Jensen et al. 2000; Sbia et al. 2008). It is possible that Sdm1 may act as an adaptor protein 
for the Ace2-Crm1-Yrb2 export complex, thus enabling efficient export of Ace2 from the 
mother cell nucleus to take place. Towards the end of M phase, Sdm1 may be imported into 
the mother cell nucleus only, perhaps via Kap104, before interacting with Ace2-Cbk1-Mob2 
causing their disassociation, and then going on to act as an adaptor protein for Crm1-Yrb2. 
Ace2 could then be exported out of the mother cell nucleus via Crm1-Yrb2 and in the mother 
cell cytoplasm targeted for degradation, most likely by ubiquitin ligases. However, this 
hypothesis would not explain why a cell separation defect is seen in sdm1 cells, since Ace2 
would still be able to activate daughter specific genes for cell separation to occur.  
Another possibility therefore, is that Sdm1 is exported out of the nucleus by Crm1-Yrb2 to 
interact with the Cbk1-Mob2 complex, so leading to cell separation via entry of Ace2 into the 
nucleus and activation of daughter specific genes. It is possible that Sdm1 is the signal 
required for Ace2 entry into the nucleus.  
 
4.1.3 Is Sdm1 Involved in Cell Separation via its Regulation of Ypi1? 
Ypi1 has also been shown to interact with Sdm1 via a yeast-2-hybrid screen (Ito et al. 2001). 
Ypi1 is a small, heat stabile protein of 155 amino acids, and is rich in hydrophilic residues 
(Garcia-Gimeno et al. 2003; Pedelini et al. 2007; Bharucha et al. 2008). Ypi1 harbours 2 
putative protein kinase A phosphorylation sites, KKKT and KKRS, and is a homologue of the 
mammalian inhibitor 3 (Garcia-Gimeno et al. 2003). In addition, Ypi1 contains a VXW motif, 
a type 1 protein phosphatase (PP1) consensus binding motif ((R/K)(V/I)X(F/W)), indicating 
that Ypi1 plays a role in PP1 regulation (Garcia-Gimeno et al. 2003; Pedelini et al. 2007; 
Bharucha et al. 2008).  
Type 1 protein phosphatases play major roles in control and integration of cellular 
physiology, including cell cycle progression (Garcia-Gimeno et al. 2003; Pedelini et al. 2007; 
Bharucha et al. 2008).  The PP1 consist of a regulatory subunit (PP1r) and a catalytic 
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subunit (PP1c), so far only one PP1c has been identified in S. cerevisiae, Glc7. Glc7 
regulates a variety of processes ranging from glycogen metabolism  to mitosis and cell wall 
integrity (Garcia-Gimeno et al. 2003; Pedelini et al. 2007; Bharucha et al. 2008).  
Garcia-Gimeno et al., 2003, proposed that Ypi1 is an inhibitor of Glc7 based on in vitro data, 
the first inhibitor of a PP1 to be described in S. cerevisiae (Garcia-Gimeno et al. 2003). 
Overexpression of Ypi1 led to an aggravation of the lytic defect seen in a slt2/mpk1 mitogen-
activated protein kinase mutant, which is comparable to a negative function of Ypi1 in vivo 
on Glc7 activity, since this phosphatase is required for cell wall integrity and is compromised 
in a mutant (Garcia-Gimeno et al. 2003). In addition, cells overexpressing Ypi1 had lower 
glycogen content, and Glc7 is recognized as the major phosphatase that regulates glycogen 
metabolism, thus a decrease in Glc7 activity would lead to inhibition of glycogen metabolism, 
consistent with what was seen in cells overexpressing Ypi1 (Garcia-Gimeno et al. 2003).  
Ypi1’s role as an inhibitor of Glc7 is supported by Pedelini et al., 2007, who showed that 
Ypi1 also interacted with Sds22, an essential protein that is localised to the nucleus and is 
involved in mitosis (Pedelini et al. 2007). Sds22 lacks the PP1 consensus binding motif, and 
instead, interacts with Glc7 via its central domain composed of 11 rich leucine repeats 
(Pedelini et al. 2007; Bharucha et al. 2008). Pedelini et al., 2007, provided evidence to show 
that Sds22, Glc7 and Ypi1 act in a tertiary complex, and found that an overexpression of 
Sds22 enhanced the interaction seen between Glc7 and Ypi1, while an overexpression of 
Ypi1 enhanced the interaction seen between Glc7 and Sds22 (Pedelini et al. 2007). They 
proposed that the overexpression stabilized the interaction between the other two 
components and/or displaced other subunits from binding to Glc7 (Pedelini et al. 2007). 
They further showed that Sds22 interacts with the C terminal of Ypi1, while Glc7 interacts via 
the N terminal of Ypi1; and in vitro, both Ypi1 and Sds22 inhibit Glc7 activity, supporting 
Garcia-Gimeno et al.’s proposal that Ypi1 is an inhibitor of Glc7 (Garcia-Gimeno et al. 2003; 
Pedelini et al. 2007). 
However, Bharucha et al., 2008, have proposed that Ypi1 acts as a positive regulator of Glc7 
activity (Bharucha et al. 2008). Bharucha et al., 2008, showed that depletion of Ypi1 via a 
GAL1 promoter led to a cell cycle arrest between G2/M, this was also shown by Pedelini et 
al., 2007, (Pedelini et al. 2007; Bharucha et al. 2008). This arrest was found to be dependent 
on the spindle checkpoint as inactivation of the checkpoint via a mad1 mutation (MAD1 is an 
essential part of the spindle checkpoint) reversed the arrest seen; the phenotype seen was 
consistent with several glc7 mutants that activate the mitotic checkpoint (Bharucha et al. 
2008). In addition, ypi1-W53A mutants have a partial Glc7 binding defect, accumulate in 
G2/M with short spindles, and in the absence of a checkpoint are inviable, suggesting that 
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Ypi1’s major role within the cell is to regulate Glc7 (Garcia-Gimeno et al. 2003; Bharucha et 
al. 2008).  Results of their genetic analysis revealed that glc7 mutants with cell cycle defects 
are inviable in combinations with ypi1-W53A and Ypi1-GFP (the Ypi1-GFP strain used 
during the study was found to have an non-functional Ypi1), whereas glc7 mutants with 
major defects unrelated to the cell cycle were only partially affected by the ypi1-W53A and 
Ypi1-GFP mutants, further providing evidence that Ypi1 is a positive regulator of Glc7 
(Bharucha et al. 2008). At no point did Bharucha et al., 2008, see any alleviation or partial 
suppression of the Glc7-dependent defects as might have been expected if Ypi1 inhibited 
Glc7 activity. Bharucha et al., 2008, proposed that Ypi1 plays a role in targeting Glc7 in 
association with Sds22 to the nucleus, thus enabling Glc7 to carry out its functions 
(Bharucha et al. 2008). Consistent with their proposal, Glc7 and Sds22 are largely excluded 
from the nucleus when Ypi1 is depleted in the cell (Pedelini et al. 2007; Bharucha et al. 
2008).    
It is possible that Sdm1’s role in cell separation is via its interaction with Ypi1. Glc7 is 
involved in cell cycle progression as well as cell wall integrity and both these processes are 
important in cell separation and its involvement in cell cycle progression appears to be 
regulated by Ypi1 (Pedelini et al. 2007; Bharucha et al. 2008). As Glc7 involvement in cell 
cycle progression seems to be dependent on its presence in the nucleus, there is a 
possibility that Sdm1 may assist Ypi1 in targeting Glc7 to the nucleus, thus ensuring cell 
separation takes place.  
It is of particular interest to note that the yeast-2-hybrid interactions noted with Sdm1 by Ito 
et al., 2001, (Ito et al. 2001) seem to suggest that there is a high possibility that Sdm1 is 
either localised to the nucleus or is shuttling between the nucleus and the cytoplasm; all of 
the proteins it interacts with are localised to the nucleus at some point during the cell cycle. It 
is highly likely that Sdm1’s role in cell separation may be dependent on its localisation within 
the nucleus. Furthermore, mutations/ deletions in at least two of Sdm1’s interacting proteins 
reported by Ito et al., 2001, lead to a delay in cell cycle progression suggesting there is a 
high possibility that Sdm1 plays a role in cell cycle progression.   
A yeast-2-hybrid screen of Sdm1 was undertaken to try and elucidate Sdm1’s involvement in 
cell cycle progression and cell separation, and possible function. Additionally, TAP-tagging 
and co-immunoprecipitation of Ace2 and Sdm1 was performed to confirm the yeast-2-hybrid 
data. We suggest that Sdm1 may play roles in nuclear import/ export, ER to Golgi trafficking, 
cell cycle progression and cell separation.  
Yeast-2-hybrid data from the current study indicates that the N terminal regions of Ace2 and 
Cbk1 may be important for their protein-protein interactions. Furthermore, the N terminal 
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region of Mob2 is hypothesised to specify Mob2’s interacting partners, perhaps by exposing 
the C terminus for binding via a conformational change. Finally, we reveal novel protein-
protein interactions for Sdm1, Ace2 and the uncharacterised protein, Yol036w, which may be 
linked to Sdm1 and the RAM network.  
 
4.2 Materials and Methods 
4.2.1 Yeast-2-Hybrid Assay 
4.2.1.1 Construction of Yeast-2-Hybrid Plasmids 
4.2.1.1.1 Construction of Full-Length Yeast-2-Hybrid Plasmids 
The yeast-2-hybrid plasmids used in this study were constructed by cloning the gene of 
interest, in frame, into the vectors, pGBT9 and pGAD424, using the multiple-cloning sites 
available. The oligonucleotides used to amplify the genes of interest are listed in Table IV, 
Appendix II, and were synthesised by Sigma Genosys. The gene of interest was amplified by 
PCR using Advantage-2-polymerase (Takare) and Bio-X-act Long polymerase (New Bioline) 
depending on whether the size of the product was <3kb or >3kb respectively. 
 
4.2.1.1.2 Construction of Yeast-2-Hybrid Plasmids of Partial Domains of Ace2, Cbk1, 
Mob2, and Sdm1 
Yeast-2-hybrid plasmids used in this study were constructed by cloning the fragment of the 
gene of interest, in frame, into the vectors, pGBT9 and pGAD424, using the multiple cloning 
sites available on the vectors. The oligonucleotides used to amplify the fragments of interest 
are listed in Table V, Appendix II, and were synthesised by Sigma Genosys. The fragments 
of the genes of interest were amplified by PCR using Bio-X-act Short and Bio-X-act Long 
DNA polymerase depending on whether the size of the amplified fragment was <3kb or >3kb 
respectively. The regions of Ace2, Cbk1, Mob2 and Sdm1 amplified are shown in Figures I-
IV, Appendix I. 
 
4.2.1.2 Yeast-2-Hybrid Assay 
Bait and prey plasmids (listed in Table VI, Appendix II) were transformed into S. cerevisiae, 
CG1945, and selected for growth on leucine, tryptophan drop out media. Three 
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representative strains were selected from each transformation for each interaction and 
cultured overnight in 200 µl leucine, tryptophan drop out YNB in a 96-well plate, 140rpm, 
30oC. In the morning, cultures were diluted 1 in 5 in 200 µl of fresh leucine, tryptophan drop 
out YNB, and cultured for a further 3-4 hours at 30oC, 140rpm. After 3-4 hours growth, the 
OD600 of the selected strains were checked to ensure that they were approximately between 
OD600 0.5-1. Approximately, 10 µl of each selected strain was aliquoted out onto 0 mM, 0.5 
mM, 2 mM and 5mM 3-amino-1,2,4-triazole histidine, leucine and tryptophan drop out plates. 
Once the aliquots had dried, representative strains were incubated at 30oC for 5 days before 
being examined. This experiment was repeated three times.  
In order to minimise the number of false positive interactions that are often seen from yeast-
2-hybrid screens, the following criteria had to be met in order to identify an interaction as 
positive: 
1) The same phenotype had to be observed from 2 out of 3 individually transformed 
biological replicas.  
2) Each biological replica had to show the same phenotype from three technical 
repeats.  
3) When the individual bait/ prey vector is transformed into the strain, no growth should 
be observed on histidine, leucine, and tryptothan drop out media. If growth of the 
strain is seen, it indicates that the gene on the plasmid is self-activating and any 
growth seen in combination with this plasmid may be a false positive interaction.  
4) If the vector is shown to be self-activating, the concentration of 3-amino-1,2,4 triazole 
required to eliminate growth of this strain should be determined and adjusted 
accordingly for screens involving this vector. 
 
4.2.1.3 Large Scale Yeast-2-Hybrid Assay of Sdm1 and Yol036w 
SDM1 and YOL036W were cloned into the bait vector, pGBT9, using the oligonucleotides 
listed in Table IV, Appendix II. The constructed plasmids, pHH1 and pHH27, were 
sequenced, to ensure there were no mutations, and sent to our collaborator, Marrissa 
Vignali, Stanley Field’s laboratory, University of Washington. The bait vectors, pHH1 and 
pHH27, were screened against a library of prey vectors for novel yeast-2-hybrid interactions.  
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4.2.2 Confirming the Interactions Seen From the Yeast-2-Hybrid Screen 
4.2.2.1 Tap Tagging 
4.2.2.1.1 Construction of TAP-tagged Yeast Strains 
TAP tagged yeast strains were constructed by fusing a TAP-tag to the C terminal end of the 
gene of interest. The TAP cassette was amplified from pYM13 by using the oligonucleotides 
listed in Table VII, Appendix II, as previously described by Janke et al., 2004 (Janke et al. 
2004). The amplified TAP cassette was cloned by homologous recombination into the 
BY4741. Transformants were selected by growth on 200 µg/ml geneticin YPD plates at 30oC 
for 3 days. After 3 days, selected transformants were streaked onto fresh 200 µg/ml 
geneticin YPD plates and grown for a further 3 days; the selected transformants were 
checked by colony PCR using Bio-X-act short polymerase (Bioline) with the oligonucleotides 
listed in Table VIII, Appendix II, for the inserted TAP cassette. Strains confirmed by colony 
PCR were analysed by southern analysis to ensure that the TAP cassette was integrated at 
the correct position within the genome and only single integration of the cassette had 
occurred.  
 
4.2.2.1.2 Purification of TAP-tagged Proteins  
Cells were inoculated into 10 ml YPD and grown overnight at 30oC, 180 rpm. The pre-culture 
was added to 5 litres of YPD and grown overnight at 30oC, 180 rpm. When the culture 
reached OD600 = 1, cells were harvested by centrifuging at 3,000 rpm, 5 min. Cells were 
washed once with chilled ddH2O, and then washed once with chilled HB buffer (25 mM Tris-
HCl, pH7.5, 15 mM EGTA, pH 7.5, 15 mM MgCl2, 0.1% (v/v) NP40, 1 mM DTT, 0.1 mM 
NaF, 1 mM PMSF). The pellet was weighed and re-suspended in 50 ml chilled HB buffer 
with protease inhibitor tablet without EDTA (from Roche). Cells were placed in a cold pestle 
and mortar (kept at -20oC), frozen with liquid nitrogen, and grounded to a fine powder. 
Additional liquid nitrogen was added to the cells at regular intervals to keep the cells in a 
frozen state for easy grinding.  
The powder (grounded cells) was thawed in cold water at 4oC, and PMSF was added to a 
final concentration of 1 mM. Samples were centrifuged at 3,000 rpm, 4oC for 20 min to 
remove large cell debris. The supernatant was transferred to a new centrifuge tube and spun 
at 15, 000 rpm, 4oC for an hour. The lipid layer (the top layer of the resulting suspension; 
consists of lipids) was removed and the supernatant recovered in a falcon tube.  
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Sepharose IgG beads (Invitrogen) were washed three times with chilled HB buffer, and 
approximately 800 µl of Sepharose IgG beads was added to the sample. The falcon tube 
was sealed with parafilm and incubated at 4oC for 2 hours on a rotating platform. The 
sample was spun for 2 min at 400 rpm, 4oC to pellet the beads and the beads were re-
suspended in 1 ml chilled HB buffer. The beads were washed three times in 1 ml chilled HB 
buffer, and then washed three times in 1 ml chilled IPP150 (10 mM Tris-HCl, pH8, 150 mM 
NaCl, 0.1% (v/v) NP40, 1mM PMSF) for 5 min. The beads were washed in 1 ml chilled TEV 
cleavage buffer (Invitrogen), before being re-suspended in 0.5 ml TEV cleavage buffer and 
10 µl of TEV protease (Tobacco Etch Virus) was added to the beads to digest the TEV sites 
within the samples. The sample was incubated at 16oC for 2 hours on a rotating platform, 
and the beads recovered by magnet (magnet supplied by Invitrogen). The supernatant was 
recovered and placed in a fresh eppendorf, and placed on a magnet to collect any remaining 
beads. The supernatant was recovered and spun down in a vivaspin concentrator for 10 min 
at 10, 000 rpm, 4oC.  The concentrated sample was run out on a 10% SDS PAGE gel and 
visualised by silver staining.  
 
4.2.2.2 Co-immunoprecipitation 
Cells were cultured overnight in 10 ml of selective media at 30oC, 180 rpm. In the morning, 
cells were diluted to OD600 = 0.4, and allowed to grow for a further 2-4 hours till the culture 
reached OD600 = 0.5 – 1. Protein extraction was carried out on a quantity of cells that 
equalled OD600 = 2.5 (lysis buffer used was composed of 50 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 0.5% (v/v) NP40, 10 mM imidazole and a protease inhibitor tablet without EDTA).  
Streptavidin coated dynabeads (Invitrogen) were washed three times with 0.1% (w/v) BSA in 
PBS and re-suspended in 0.1% (w/v) BSA in PBS. The primary antibody was added to the 
beads and the mixture was incubated at 4oC on a rotating platform for 3 hours to allow the 
primary antibody to bind to the beads. After 3 hours, the bead mixture was re-suspended in 
chilled lysis buffer, and added to the extracted protein lysates (approximately 55 µl magnetic 
beads and 3 µl 1mg/ml primary antibody was added per sample). The samples were allowed 
to incubate at 4oC on a rotating platform for 3 hours, afterwards, the samples were washed 
five times with the chilled lysis buffer and re-suspended in 15 µl lysis buffer mixed with SDS 
PAGE loading buffer and boiled for 5 min. The samples were run out on a 12% SDS PAGE 
gel and a western performed. The antibodies used are listed in Table 4.1.  
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Table 4.1: Antibodies used during the co-immunoprecipitation analysis. All antibodies were supplied 
by Abcam.  
 
Antibody Dilution used Use 
   
Goat polyclonal to GFP 
conjugated to biotin 
1:50 Co-immunoprecipation 
Rabbit polyclonal to RFP 
conjugated to biotin 
1:50 Co-immunoprecipation 
Rabbit polyclonal to RFP 1:000 Western  - Primary antibody 
Mouse monoclonal to GFP 1:1000 Western – Primary antibody 
Anti mouse conjugated to 
horse radish peroxidase 
1:10000 Western – Secondary antibody 
Anti rabbit conjugated to 
horse radish peroxidase 
1:10000 Western – Secondary antibody 
 
4.3 Results 
4.3.1 Yeast -2-Hybrid 
One method of investigating physical interactions between proteins is by performing a yeast-
2-hybrid screen. The yeast-2-hybrid system from Clontech, which utilises the vectors 
pGAD424 and pGBT9, was used to investigate the yeast-2-hybrid interactions seen by Ito et 
al., 2001, (Ito et al. 2001) of Sdm1 with Cbk1, Mob2, Kap104, Yrb2 and Ypi1. The controls 
used during the screen were provided by Mick Tuite, University of Kent. The positive control 
for the yeast-2-hybrid assay was an interaction between the translation termination factor 
Sup35 (cloned into pGAD424 to form pUKC605) and the polypeptide release factor Sup45 
(cloned into pGBT9 to form pUKC601), which are known to form a heterodimer complex to 
terminate translation in S. cerevisiae (Stansfield et al. 1995).The negative control for the 
yeast-2-hybrid assay relies on no growth being observed on a histidine, leucine, tryptophan 
plate from a strain transformed with the plasmid containing Cpf1, a helix-loop-helix protein 
that binds to the motif CACRTG and is required for nucleosome positioning at this motif 
(cloned into pGBT9 to form pG-DD), and  the plasmid cloned with the translation termination 
factor Sup35 (pUKC605); both these proteins do not interact with one another. The yeast-2-
hybrid interactions in the current screen were classified into 3 different classes depending on 
their growth on increasing concentrations of the HIS3 inhibitor 3-AT.The interactions were 
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classified as: strong if they grew on <5 mM 3-AT, intermediate if they grew on <2 mM 3-AT 
and weak if they grew on 0 mM 3-AT.  
From the screen, the yeast-2-hybrid interactions seen by Ito et al., 2001, (Ito et al. 2001) for 
Sdm1 were confirmed. Sdm1 was found to have a strong interaction with Cbk1 and Mob2, 
see Figure 4.1, while an intermediate interaction was observed between Yrb2, Ypi1, and 
Kap104, see Figure 4.1. In addition to confirming those interactions originally described by 
Ito et al., 2001 (Ito et al. 2001), Sdm1 was noted to have a strong interaction with itself, see 
Figure 4.1.  Furthermore, Sdm1 was shown to have a strong interaction with Ace2 and 
Crm1, two interactions not previously seen, see Figures 4.2 and 4.3.  
The original interaction seen by Ito et al., 2001, (Ito et al. 2001), concerning Ace2, was also 
confirmed. Ace2 was shown to have a strong interaction with Cbk1, Mob2 and Crm1, see 
Figures 4.2 and 4.3; it was further shown to interact strongly with, previously unseen, Yrb2, 
Ypi1, Kap104 and Sdm1, see Figure 4.2. Ace2 was also found to interact strongly with itself. 
Cbk1 was also found to interact with Mob2, Sdm1 and Ace2 as previously described by Ito et 
al., 2001 (Ito et al. 2001), see Figures 4.1 and 4.2. It was seen to interact strongly with itself, 
see Figure 4.1; and similar to Ace2, it also acted strongly with Crm1, Yrb2, Ypi1, Kap104 
and Sdm1, again previously unreported, see Figures 4.1, 4.3, and 4.4.  
Mob2, as previously described (Ito et al. 2001), was shown to have a strong interaction with 
Ace2 and Cbk1, see Figures 4.1 and 4.2. In addition, it was found to interact strongly with 
Sdm1 and weakly with Kap104, and did not interact with itself, see Figures 4.1 and 4.4. 
The interaction seen between Crm1 and Yrb2 could not be shown in this screen (Taura et al. 
1998; Moy et al. 2002), see Figure 4.3. Crm1 was found to interact with Ace2, as previously 
described (Jensen et al. 2000; Sbia et al. 2008), and it was also found to interact with Cbk1 
and Sdm1, but did not interact with itself, see Figure 4.3.  
Kap104 was found to interact strongly with Ace2 and Cbk1, intermediately with Sdm1 and 
weakly with Mob2, Ypi1 and Yrb2, see Figures 4.1, 4.2, 4.3 and 4.4.  
The results of the yeast-2-hybrid interaction are summarised in Figure 4.5 and Table 4.2.  
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Figure 4.1: Yeast-2-hybrid interactions of Sdm1. Strains were cultured until the OD600~ 0.5-1 at 30
o
C, 
140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 0.5 mM, 2 mM and 5 mM 3-AT, and 
incubated at 30
o
C for 5 days.  
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Figure 4.2: Yeast-2-hybrid interactions of Ace2. Strains were cultured until the OD600~ 0.5-1 at 30
o
C, 
140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 0.5 mM, 2 mM and 5 mM 3-AT, and 
incubated at 30
o
C for 5 days.  
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Figure 4.3: Yeast-2-hybrid interactions of Crm1. Strains were cultured until the OD600~ 0.5-1 at 30
o
C, 
140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 0.5 mM, 2 mM and 5 mM 3-AT and 
incubated at 30
o
C for 5 days.  
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Figure 4.4: Yeast-2-hybrid interactions of Cbk1. Strains were cultured until the OD600~ 0.5-1 at 30
o
C, 
140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 0.5 mM, 2 mM and 5 mM 3-AT and 
incubated at 30
o
C for 5 days.  
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Figure 4.5: Summary of the Yeast-2-hybrid interactions. Interactions were defined as strong if the 
strain grew on <5 mM 3-AT, intermediate if the strain grew on <2 mM 3-AT and weak if the strain grew 
on 0 mM 3-AT.   
 
Table 4.2: Summary of the Yeast-2-hybrid interaction; +++ indicates growth on <5 mM 3-AT, ++ 
indicates growth on < 2mM 3-AT, + indicates growth on 0 mM 3-AT, and – indicates no growth.   
 
 Ace2 Cbk1 Crm1 Mob2 Kap104 Sdm1 Ypi1 Yrb2 
         
Ace2 +++ +++ +++ +++ +++ +++ +++ +++ 
Cbk1 +++ +++ +++ +++ +++ +++ +++ +++ 
Crm1 +++ +++ - - - +++ - - 
Mob2 +++ +++ - - + +++ - - 
Kap104 +++ +++ - + - ++ + - 
Sdm1 +++ +++ +++ +++ ++ +++ ++ ++ 
Ypi1 +++ +++ - - + ++ - - 
Yrb2 +++ +++ - - + ++ - - 
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4.3.1.1 Yeast-2-Hybrid Analysis of Partial Domains of Ace2, Cbk1, Mob2, and Sdm1 
In order to study the protein-protein interactions between Ace2, Cbk1, Mob2 and Sdm1 
further, regions of the Ace2, Cbk1, Mob2, and Sdm1 C terminal were constructed and 
expressed in the E. coli protein expression system to assess their structure under NMR, see 
Chapter 6. To assess whether the constructed regions of Sdm1, Ace2, Mob2, and Cbk1 
maintained their binding capabilities, a yeast-2-hybrid screen was carried out. Similar to the 
previous screen, interactions were classified into 3 different groups; strong (grew on <5 mM 
3-AT), intermediate (grew on <2 mM 3-AT) and weak (grew on 0 mM 3-AT).  
The C terminal region of Ace2 was found not to interact with itself, but an interaction 
continued to be seen between the C terminal region of Ace2 and the full-length Ace2; it is 
possible that Ace2 may interact with itself via its C and N terminal ends. The Ace2 C terminal 
region also failed to interact with the Cbk1 C terminal region, but did interact with the full-
length Cbk1; indicating that Ace2 may interact with Cbk1 via its N terminal region. 
Surprisingly the Ace2 C terminal region interacted with the Mob2 C terminal region, but did 
not interact with the full-length Mob2, perhaps the full-length Ace2 is required to interact with 
the full-length Mob2.  The Ace2 C terminal region was also found to interact with both the 
full-length and the C terminal region of Sdm1, but not the N terminal region suggesting the 
Ace2 – Sdm1 interaction may involve the C terminal region of both proteins. The Ace2 C 
terminal region no longer interacted with Crm1, Kap104, Yrb2, and Ypi1; an interaction was 
also not seen between Yol036w and the C terminal Ace2 fragment, see Figures 4.6, 4.7, 
4.12, and Table 4.3. It is speculated that both the N and C terminal regions of Ace2 is 
important for its interaction with proteins.  
The C terminal region of Cbk1, similar to the C terminal region of Ace2, also failed to interact 
with itself, but did interact with the full-length Cbk1 suggesting that its interaction with itself 
may occur via the C and N terminal ends. The C terminal region of Cbk1 only interacted with 
the full-length Ace2, and interacted with the C terminal region of Mob2 but not the full-length 
Mob2. The C terminal region of Cbk1 interacted with both the full-length, C and N terminal 
regions of Sdm1, and no longer interacted with Crm1, Kap104, Ypi1 and Yrb2; it did not 
interact with Yol036w either, see Figures 4.7, 4.8, 4.12, and Table 4.3. There is a possibility 
that both the N and C terminal regions of Cbk1 are important for its interaction with proteins.  
The C terminal region of Mob2 surprisingly interacted with all the proteins it was tested 
against bar Yol036w. The C terminal region of Mob2 was found to show an interaction with 
Ypi1, Yrb2, Crm1, and itself, and this was not seen in the prior screen, see Figures 4.5, 4.8, 
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4.9, 4.12, and Tables 4.2 and 4.3.  It is likely the C terminal region of Mob2 is important for 
its interaction with other proteins.  
Like the C terminal region of Mob2, the C terminal region of Sdm1 interacted with all the 
proteins tested against bar Yol036w. This is consistent with the previous yeast-2-hybrid 
screen with the full-length Sdm1. The N terminal region of Sdm1 in comparison no longer 
interacted with the C terminal regions of Ace2, Crm1, Mob2, Kap104 and Yrb2, suggesting 
that the C terminal region of Sdm1 may be important for its interaction with other proteins, 
see Figure 4.9, 4.10, 4.11, 4.12, and Table 4.3.  
The results of the yeast-2-hybrid screen are summarised in Figure 4.12 and Table 4.3. 
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Figure 4.6: Yeast-2-hybrid interactions of the C terminal region of Ace2. Strains were cultured until 
OD600 ~ 0.5 – 1 at 30
o
C, 140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 0.5 mM, 2 
mM, and 5 mM 3-AT, and incubated at 30
o
C for 5 days.  
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Figure 4.7: Yeast-2-hybrid interactions of the C terminal region of Ace2 and Cbk1. Strains were 
cultured until OD600 ~ 0.5 – 1 at 30
o
C, 140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 
0.5 mM, 2 mM, and 5 mM 3-AT, and incubated at 30
o
C for 5 days. 
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Figure 4.8: Yeast-2-hybrid interactions of the C terminal region Cbk1 and Mob2. Strains were 
cultured until OD600 ~ 0.5 – 1 at 30
o
C, 140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 
0.5 mM, 2 mM, and 5 mM 3-AT, and incubated at 30
o
C for 5 days. 
 
 
 
 
 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 4– Yeast-2-Hybrid Screen of Sdm1 
 
151 
 
Figure 4.9: Yeast-2-hybrid interactions of the C terminal region of Mob2 and Sdm1. Strains were 
cultured until OD600 ~ 0.5 – 1 at 30
o
C, 140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 
0.5 mM, 2 mM, and 5 mM 3-AT, and incubated at 30
o
C for 5 days. 
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Figure 4.10: Yeast-2-hybrid interactions of the C terminal and N terminal region of Sdm1. Strains 
were cultured until OD600 ~ 0.5 – 1 at 30
o
C, 140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 
mM, 0.5 mM, 2 mM, and 5 mM 3-AT, and incubated at 30
o
C for 5 days. 
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Figure 4.11: Yeast-2-hybrid interactions of the N terminal region of Sdm1. Strains were cultured until 
OD600 ~ 0.5 – 1 at 30
o
C, 140 rpm, then 10 µl was plated out onto –His, -Leu, -Trp 0 mM, 0.5 mM, 2 
mM, and 5 mM 3-AT, and incubated at 30
o
C for 5 days. 
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Figure 4.12: Summary of the yeast-2-hybrid interactions of the C terminal regions of Ace2, Cbk1, 
Mob2 and Sdm1. Interactions were defined as strong if the strain grew on < 5 mM 3-AT, intermediate 
if the strain grew on < 2 mM 3-AT and weak if the strain grew on 0 mM 3-AT.  
 
*This interaction needs re-testing as it was only seen 3 times in one transformant.  
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Table 4.3: Summary of the yeast-2-hybrid interactions of the C terminal regions of Ace2, Cbk1, Mob2 
and Sdm1: +++ indicates growth on < 5 mM 3-AT, ++ indicates growth on < 2 mM 3-AT, + indicates 
growth on 0 mM 3-AT, and – indicates no growth.  
 Ace2 C term Cbk1 C term Mob2 C term Sdm1 C term Sdm1 N term 
      
Ace2 C term - - +++ +++ - 
Ace2 +++ +++ +++ +++ +++ 
Cbk1 C term - - +++ +++ ++ 
Cbk1 +++ +++ +++ +++ +++ 
Crm1 - - +++ ++ - 
Mob2 C term +++ +++ +++ +++ +++ 
Mob2 - - +++ +++ - 
Kap104 - - +++ +++ - 
Sdm1 C term +++ +++ +++ +++ +++ 
Sdm1 N term - ++ +++ +++ ++ 
Sdm1 ++ +++ +++ +++ +++ 
Ypi1 - - +++ +++ +++* 
Yrb2 - - +++ +++ - 
Yol036w - - - - - 
* This interaction needs to be repeated as it was only seen 3 times in one transformant. 
 
4.3.1.2 Large Scale Yeast-2-Hybrid of Sdm1 and Yol036w 
Following on from the initial cell separation defective screen, the decision was made to try 
and characterise the function of Sdm1. One approach that was decided upon was to try and 
elucidate what proteins Sdm1 interacted with, and the best method was to perform a large 
scale yeast-2-hybrid assay of Sdm1 against the entire library. Since our laboratory did not 
possess the facilities to perform a large scale yeast-2-hybrid screen a collaboration was 
formed with Stanley Field’s group, University of Washington, through the Yeast Resource 
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Centre (http://depts.washington.edu/yeastrc/). The bait vector, pHH1, containing SDM1 was 
sent to Stanley Field’s group for a large scale yeast-2-hybrid screen.  
From the large scale screen of Sdm1, it was found that the only interactions seen similar to 
our small scale screen were those with Cbk1, Mob2 and itself. The interactions of Sdm1 
seen in our small scale screen with Ace2, Ypi1, Kap104, Crm1 and Yrb2 were not observed 
in this screen. Sdm1 was identified to interact with 10 novel proteins in this screen, see 
Table 4.4.  
Of the 10 proteins found to have an interaction with Sdm1, Yol036w was found to have been 
identified in a yeast-2-hybrid screen to interact with Cbk1 and Mob2, two components of the 
RAM network involved in Ace2 regulation (Ito et al. 2001). It is possible that Yol036w could 
play a role, in association with Sdm1, Mob2, and Cbk1, in cell separation, but unfortunately 
this protein is currently uncharacterised. In order to elucidate Yol036w’s possible 
involvement in cell separation, the bait vector pHH27, encodingYOL036W, was sent to 
Stanley Field’s group for a large scale yeast-2-hybrid screen of YOL036W. 
This screen did not reproduce Yol036w’s interaction with Sdm1 or Cbk1. However, it did 
show that Yol036w has an interaction with Mob2. Yol036w was found to interact with 10 
proteins; these are summarised in Table 4.5. 
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Table 4.4: List of proteins Sdm1 interacts with in a large scale yeast-2-hybrid screen of the yeast-2-
hybrid prey library held by Stanley Field’s group, University of Washington.  
 
Name Interaction Description 
   
Cbk1 Strong Component of the RAM network. Required for the activation of Ace2 and 
cell separation. 
Hat1 Strong Catalytic component of the Hat1-Hat2 histone acetyltransferase complex. 
Involved in telomeric silencing and DNA double strand break repair. 
Kap111 Strong Nucleus import receptor. Mediates localisation of protein involved in mRNA 
nucleus export 
Mob1 Weak Component of the MEN network. Required for cytokinesis and cell 
separation. 
Mob2 Strong Component of the RAM network. Required for the activation of Ace2 and 
cell separation. 
Prp39 Strong Required for pre-mRNA splicing. 
Sdm1 Strong Uncharacterised. 
Sfb2 Strong Component of the COPII coated vesicles. Involved in ER to Golgi 
transport. 
Ubx5 Weak Interacts with Cdc48. Cdc48 is involved in the retranslocation of 
ubiquitinated proteins from the ER to cytosol for degradation by the 
proteosome. 
Yju2 Strong Essential nuclear protein. Required for pre-mRNA splicing. 
Ylr012c Weak Uncharacterised.  
Yol036w Weak Uncharacterised but is reported to interact with Cbk1 and Mob2 in a yeast-
2-hybrid screen (Ito et al. 2001). 
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Table 4.5: List of proteins Yol036w interacts with in a large scale yeast-2-hybrid screen of the Yeast-
2-hybrid prey library held by Stanley Field’s group, University of Washington.  
 
Name Description 
  
Dma2 Involved in spindle orientation and positioning 
Fre5 Putative ferric reductase 
Fsp2 Uncharacterised 
Fth1 High affinity iron transporter 
Mcm6 Involved in replication. Part of the pre-replicative complex 
Mig1 Transcription factor involved in glucose repression 
Mob2 Component of the RAM network. Required for the activation of Ace2 
and cell separation. 
Ndt80 Meiosis specific transcription factor 
Trs120 Component of the TRAPP complex. Involved in vesicle docking and 
fusion, and ER to Golgi trafficking 
Ydl173w Uncharacterised 
 
4.3.2 TAP tagging and Co-immunoprecipitation  
To confirm the yeast-2-hybrid interactions seen for Ace2 and Sdm1, co-immunoprecipitation 
of the GFP and REDSTAR2 tagged strains (strains HH8-13, see Table 2.1, Chapter 2) were 
performed. S. typhimurium 12023 was used as a control for the co-immunoprecipitation 
experiment; S. typhimurium 12023 constitutively expresses GFP, thus a western of the pure 
untreated protein lysate with an anti-GFP antibody should produce a single band of around 
28 kDa, while no bands should be observed when probed with an anti-RFP antibody. 
Similarly, no bands should be observed for S. typhimurium 12023 for both co-
immunoprecipitation procedures. Although, GFP from the S. typhimurium 12023 protein 
lysate will bind to the anti-GFP conjugated to biotin antibody that will be bound to the 
streptavidin coated beads and this sample is loaded onto a protein gel for western analysis, 
an anti-RFP antibody will be used to probe the resulting lysate, thus no bands should be 
observed. If anti-RFP conjugated to biotin antibody is used to bind the protein lysates to the 
streptavidin coated beads, the resulting samples will be analysed by western using an anti-
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GFP antibody, so although an anti-GFP antibody is used, the initial GFP would not have 
bound to the beads to be processed to the next step.  
Unfortunately, multiple unspecific bands were observed for all samples, including the control 
sample, even when the untreated protein lysates were probed with anti-GFP antibody or 
anti-RFP antibody, data not shown. 
Protein-protein interactions can also be examined by TAP-tagging. Ace2 and Sdm1 were C 
terminally tagged with a TAP-tag and verified by southern analysis using a 500 bp TAP-tag 
probe as described in Figure V-VI, Appendix I.  
Preliminary data from TAP-tag experiments of SDM1-TAP and ACE2-TAP strains indicate 
that there are novel bands present that are not observed in the parental strain, BY4741, see 
Figure 4.13. These novel bands are most likely complexes of Ace2 and Sdm1 bound to their 
interacting partners. These bands were extremely faint, indicating that the protein complexes 
were of a low concentration within the sample, and could not be extracted and sent for mass 
spectrometry analysis. Preliminary data does indicate that the initial TAP-tag experiment 
appears to be working. 
 
Figure 4.13: Protein extracts from the TAP-tag of 
ACE2-TAP and SDM1-TAP run on a 12% SDS-
PAGE gel and stained by silver staining. ACE2-TAP 
and SDM1-TAP appear to have additional bands in 
their protein extracts which are not seen in the 
control (BY4741) sample.  
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4.4 Discussion 
The aim of the present study was to try and characterise and assign a possible function to 
Sdm1, especially its role in cell cycle progression and cell separation. Sdm1 is 
uncharacterised and so far sdm1 has been identified as a cell separation defective mutant, 
see Chapter 3, and hypothesised to play a role in cell cycle progression. A phenotypic 
screen of sdm1 revealed no phenotypes, while TEM analysis of sdm1 indicated that the 
majority of sdm1 cells were grouped as 2 adjoined cells, see Chapter 3. One common 
method used to characterise proteins is “guilt-by-association,” which transfers function from 
one gene to another by their biological relationships (Tian et al. 2008). A yeast-2-hybrid 
screen was undertaken to observe what proteins Sdm1 interacted with and whether a 
function could be elucidated to Sdm1 by using the “guilt-by-association” method.  
 
4.4.1 Yeast-2-hybrid Screen 
The yeast-2-hybrid screen works by taking advantage of the Gal4 transcription factor, which 
is composed of two domains: a DNA binding domain, and a DNA activation domain. The 
Gal4 transcription factor normally binds to the GAL1 UAS element and activates transcription 
on the adjacent promoter. In the yeast-2-hybrid system, the DNA binding domain and DNA 
activation domain are separated onto two different plasmids, and the proteins of interest are 
cloned into the plasmids. In addition, the GAL1 UAS element is placed in front of a reporter 
gene (HIS3 is used in the current screen). Both plasmids are transformed into the same cell 
and plated out onto selective media. Growth will only be observed if the proteins on either 
plasmid physically interact with each other, thus forming a complete Gal4 transcription 
factor, so enabling binding to the GAL1 UAS element and transcription of the reporter gene. 
In the system used, 3-AT can be added to the selective media in varying concentrations as 
3-AT acts as a competitive inhibitor of the HIS3 gene product thereby titrating the minimum 
level of histidine required for growth and this allows weak interactions to be differentiated 
from strong interactions. In addition, for those vectors that “self-activate,” growth of the strain 
is observed despite only one vector being present in the system, 3-AT can be added to the 
system until growth of the strain is abolished. Once growth is abolished for the strain, yeast-
2-hybrid interactions can be examined for that vector by using the necessary concentration 
of 3-AT to inhibit the background “self-activation.” 
In most large-scale yeast-2-hybrid screens, the gene of insert is cloned into the “bait” vector, 
the vector that contains the DNA binding domain (pGBT9 in our current screen), and 
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screened against a library of “prey” vectors, which contain the DNA-activating domain 
(pGAD424 in our current screen), for positive interactions. As there are usually a huge 
number of interactions being tested at any one time as well as several repeats, the prey 
vector of the corresponding gene of interest is usually not tested in a large scale screen to 
identify interacting partners, and it is likely that some positive protein-protein interactions are 
lost in this way. The conformation of the DNA-binding or activation domain may affect the 
structure of the expressed protein and the site of where these interactions take place on the 
protein, thus no interactions may be observed even if they do interact in reality. Similarly, 
interactions may be observed with proteins that would never normally interact together in the 
cell as the yeast-2-hybrid assay forces proteins that may not normally be localised together 
to localise in the same compartment (the nucleus). Whether an interaction is seen in a 
screen using the “bait” vector or “prey” vector is of no significance and does not indicate any 
information about the method by which the interaction takes place. As our current screen 
only looked at the proteins Sdm1 had previously being indicated to interact with and whether 
it interacted with Ace2, the screen was performed using both the “bait” and “prey” vectors to 
identify protein –protein interactions so that all positive interactions could be identified, and 
explains why novel protein-protein interactions not identified previously were seen. 
Our yeast-2-hybrid analysis confirmed the interactions seen by Ito et al., 2001 (Ito et al. 
2001): Ace2 and Sdm1 interact with Cbk1 and Mob2, furthermore, Sdm1 interacts with Ypi1, 
Yrb2 and Kap104, see Figure 4.5 and Table 4.2. In addition to confirming interactions seen 
by Ito et al., 2001, novel interactions were further identified in this screen, see Figure 4.5 and 
Table 4.2. The interaction network compiled from data produced in this screen, Figure 4.5, 
suggests that Ace2, Cbk1 and Sdm1 play a centralised role in this network. All 3 interact 
strongly with the proteins tested, and interestingly, they were the only proteins to show a 
protein-protein interaction with themselves, see Figure 4.5. 
Surprisingly, Mob2 appears to play a lesser role in the network based on the protein-protein 
interactions seen. Mob2 is known to bind to Cbk1 and activate Ace2 (Colman-Lerner et al. 
2001; Nelson et al. 2003), an assumption could thus be made that Mob2 would interact with 
the same set of proteins that Ace2 and Cbk1 do, however, this was not the case. Mob2 
interacted with Sdm1 and showed a very weak interaction with Kap104, yet did not interact 
with any of the other tested proteins, Figure 4.5 and Table 4.2. This seems to suggest that 
Mob2 may play a very minor role in any interaction involving Ace2, Cbk1 and Sdm1.  
Contrary to previous reports that Crm1 requires Yrb2 for efficient nuclear export (Taura et al. 
1998; Moy et al. 2002) our screen showed that Yrb2 and Crm1 did not interact with each 
other despite using both the bait and prey copies of Crm1 and Yrb2, see Figure 4.5. It is 
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possible that Crm1 and Yrb2 interacted in a way such that the activation and binding domain 
could not come together or the addition of the binding/ activation domain to the proteins 
masked their interacting site. However, Sdm1 was found to interact with Crm1 and Yrb2, it is 
reasonable to suggest that Sdm1 may be transported out of the nucleus via the Crm1-Yrb2 
nuclear export machinery or act as a scaffolding protein for the assembly of complexes to 
Crm1-Yrb2 for nuclear export, see Figure 4.5. Furthermore, since Ace2 interacted with Yrb2 
and Crm1, see Figure 4.5, and Ace2 has been shown to physically bind to Crm1 (Jensen et 
al. 2000), it is likely that Crm1 and Yrb2 do interact with each other. Cbk1 was also observed 
to have interactions with both Crm1 and Yrb2, it is highly possible that Crm1-Yrb2 mediates 
Ace2’s export out of the nucleus, see Figure 4.5 and Table 4.2.  
It is of interest to note that Kap104, involved in nuclear import, has yeast-2-hybrid 
interactions with Ace2, Mob2, Cbk1, Sdm1, Yrb2 and Ypi1. Since Ace2 is localised to the 
daughter cell nucleus towards the end of M/G1 (Sbia et al. 2008), and Colman-Lerner 
proposed that this localisation was probably in complex with Cbk1-Mob2 (Colman-Lerner et 
al. 2001) there is a possibility that Kap104 is responsible for importing them into the nucleus. 
Furthermore, since Sdm1 is proposed to be involved with Ace2 leading to cell separation, it 
is possible that Sdm1 may act as a scaffold for assembly of this complex into the nucleus. Of 
interest is the interaction seen between Kap104, Ypi1 and Yrb2, see Figure 4.5 and Table 
4.2. Yrb2 interacts weakly with Kap104, and is believed to play a role in regulation of the 
Ran GTP/GDP cycle (Noguchi et al. 1997; Wang et al. 2005), the cycle that directly 
regulates transport across the nuclear complex. It is highly possible that in addition to 
mediating nuclear export with Crm1, Yrb2 regulates nuclear import by Kap104 via its 
regulation of the Ran GTP/GDP cycle. Alternatively, this interaction could just be a false 
positive. Kap104 been shown to bind in a complex with Yrb1 by mass spectrometry (Ho et 
al. 2002), it is possible that the similarities in structure between Yrb2 and Yrb1 enabled 
Kap104 to interact with Yrb2, but in their usual environment they would not normally be 
found together.  
Ypi1 regulates Glc7, which is responsible for regulating a variety of cellular processes 
including cell cycle progression and cell wall integrity (Garcia-Gimeno et al. 2003; Pedelini et 
al. 2007; Bharucha et al. 2008), and is believed to do so by targeting Glc7 to the nucleus 
whereby Glc7 can activate its targets. It is therefore possible that Ypi1 may target Glc7 to the 
nucleus via its interaction with Kap104, see Figure 4.5 and Table 4.2. Since Kap104 
interacts only weakly with Ypi1, Kap104 may be acting transiently with Ypi1 to form a 
complex with Glc7, before forming a complex with Glc7 to import it into the nucleus.     
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4.4.1.1 Yeast-2-Hybrid Screen of Partial Domains of Ace2, Cbk1, Mob2, and Sdm1 
In order to elucidate further information regarding the possible interactions occurring 
between Ace2, Cbk1, Mob2 and Sdm1, regions of each protein were chosen for protein 
expression and subjected to NMR structural analysis, see Chapter 6.To assess whether the 
regions chosen for protein expression and NMR structural analysis continued to have the 
ability to bind and interact with other proteins, see Chapter 6, a yeast-2-hybrid screen was 
undertaken of the expressed regions.  
Contrary to the previous screen, the C terminal region of Mob2 interacted with all the 
proteins tested against bar Yol036w, see Figure 4.12 and Table 4.3. This is in sharp contrast 
to previously where it only interacted with Ace2, Cbk1, Sdm1 and Kap104, see Figure 4.5 
and Table 4.2. This suggests that the C terminal region of Mob2 may be responsible for 
Mob2’s interaction with other proteins, while the N terminal region ensures the specificity of 
Mob2’s interacting partner.  One scenario is that the N terminal region inhibits non-specific 
interactions of Mob2, perhaps Mob2 is structured so that only interacting partners “fit” the 
binding site, or upon phosphorylation of Mob2, a conformational change occurs exposing the 
binding site of Mob2 allowing it to interact with proteins and carry out its function.  NMR 
studies of S. cerevisiae Mob1, a close relative of Mob2 and believed to have a similar 
structure to Mob2, have shown that the N terminal region of Mob1 contains structural 
elements that are important to its function (Mrkobrada et al. 2006).  
In addition, structural NMR studies on Mob1 from Xenopus laevis have shown that Mob1 
contains a zinc-binding domain, upon zinc binding to this domain, Mob1 undergoes a 
conformational change and the degree of conformational change depends on the degree of 
binding between zinc and the binding domain; this is also true for human Mob1 (Stavridi et 
al. 2003; Ponchon et al. 2004). Mob2 is predicted not to have this binding site since this zinc 
region is not conserved in Mob2 (Stavridi et al. 2003; Ponchon et al. 2004). It is probable 
that Mob2 may have an alternative mechanism of undergoing a conformational change such 
as phosphorylation of one of its residues. Furthermore, both Xenopus and human Mob1 
have conserved surfaces at both the N and C terminal regions, and these conserved 
surfaces exhibit an unusually strong negative charge, it is believed that it is these surfaces 
that allow Mob1 to interact with other proteins via electrostatic interactions (Stavridi et al. 
2003; Ponchon et al. 2004). This suggests that Mob2 may have a similar mechanism of 
action, perhaps full activation of Mob2 is achieved upon binding of an interacting partner to 
both N and C terminal regions. One method of testing this would be to mutate residues 
within the C and N terminal regions of Mob2 to make these regions exhibit a strong positive 
charge and see whether the yeast-2-hybrid interactions are maintained. Furthermore, if the 
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N terminal region is important for Mob2’s binding specificity, mutating residues within it, and 
examining whether the yeast-2-hybrid interactions are maintained as those seen by the C 
terminal region of Mob2 in the current study would indicate whether the N terminal region is 
important for Mob2’s binding specificity.  
The C terminal region of Ace2, in contrast to the C terminal region of Mob2, no longer 
interacted with Crm1, Kap104, Yrb2, and Ypi1; in addition, the Ace2 C terminal region failed 
to interact with itself and the C terminal region of Cbk1, but did interact with the full-length 
Ace2 and Cbk1. This indicates that the interaction between itself and Cbk1 may take place 
between the C terminal of Ace2 and the N terminal of itself and Cbk1. Given that the C 
terminal region of Ace2 also failed to interact with Crm1, Kap104, Yrb2, and Ypi1, it is 
possible that the majority of Ace2’s protein-protein interaction takes place at the N terminal 
region of Ace2. This is supported by Jensen et al., 2000, who showed that the N terminal 
region of Ace2 interacts with Crm1 (Jensen et al. 2000). Surprisingly, the C terminal region 
of Ace2 interacted with the C terminal region of Mob2, but not the full-length Mob2, although 
this may be due to non-specific interactions due to the loss of the N terminal region of Mob2 
which is speculated to be responsible for Mob2’s specificity. However, since the entire N 
terminal region and middle region of Ace2 was removed, see Figure I, Appendix I, the loss of 
these interactions may be a simple result of the Ace2 not being folded properly. 
The C terminal region of Cbk1, similar to the C terminal region of Ace2, no longer interacted 
with Crm1, Kap104, Yrb2, Ypi1 and failed to interact with itself. This is surprising as both the 
phosphorylation sites in Cbk1, shown by Jansen et al., 2006, to be important for Cbk1’s 
function, were present in the expressed fragment (Jansen et al. 2006). Jansen et al., 2006, 
showed that a mutation in the C terminal hydrophobic site of Cbk1 preventing its 
phosphorylation led to a Cbk1 with kinase activity, but the cells were defective in cell 
separation, while a mutation in Cbk1’s activation loop (T-loop) preventing its phosphorylation 
led to cells that could undergo cell separation, but the Cbk1 within these cells had no kinase 
activity (Jansen et al. 2006). It would be interesting to examine whether the expressed 
fragment of Cbk1 enables cell separation to proceed and whether the kinase activity of Cbk1 
is still functional within these cells. Furthermore, Jansen et al., 2006, believe that 
phosphorylation of the C terminal hydrophobic site on Cbk1 led to the formation of a 
functional regulatory complex (Jansen et al. 2006).  
That the Cbk1 C terminal region failed to interact with a variety of previous interactions 
despite containing the required phosphorylation site to form a functional regulatory complex 
(Jansen et al. 2006), indicates that the N terminal region may be required for its interaction 
with other proteins. Alternatively, the N terminal region is required for the “correct” folding of 
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Cbk1 and in its absence Cbk1 is not folded in the correct conformation for its interaction with 
other proteins. This can be examined by mutating select regions within the N terminal 
domain instead of removing the entire domain, and examining whether the interactions are 
maintained or not. There is also a possibility that the N terminal region plays a role in 
recognition of Cbk1 within the cell for phosphorylation of its sites. This can be examined by 
observing whether a permanently phosphorylated Cbk1 C terminal region rescues the yeast-
2-hybrid interactions, and if it does not, it indicates that the N terminal may be required for 
Cbk1’s phosphorylation. That the C terminal region of Cbk1 interacted with the full-length 
Cbk1, suggests that an interaction with itself could involve the N and C terminal regions, 
since the C terminal fragment of Cbk1 did not interact with itself.   
Another surprise from this screen is that both the C and N terminal regions of Sdm1 
interacted with nearly all the proteins tested against; the C terminal region was similar to 
Mob2 and interacted with all proteins tested except for Yol036w, while the N terminal region 
interacted with most except for Crm1, the full-length Mob2, Kap104, Yrb2 and the C terminal 
of Ace2.  In the previous screen, the full-length Sdm1 interacted with all the proteins 
examined against, given that the C terminal region maintained all the interactions seen 
previously, the C terminal region is likely to be the region where the majority of the 
interactions take place in Sdm1. Given that the N terminal region of Sdm1 also seems to 
interact with the vast majority of proteins, and it has a relatively small size as a protein, 
Sdm1 may play a role as a scaffold protein.  
The N terminal region of Sdm1’s interaction with Ypi1 needs to be re-examined to confirm 
whether the N terminal region of Sdm1 interacts with Ypi1 or not. The yeast-2-hybrid screen 
is carried out by selecting three individually transformed yeast cells for each interaction, 
plating them out onto selective media, and examining whether they are able to grow or not. If 
the cells grow, then it is a positive interaction. The screen is replicated three times in total 
with three biological replicates to ensure that a positive interaction is observed and not a 
false positive. In addition, the bait/ prey vectors used are transformed into cells individually to 
ensure that the interaction seen requires the presence of both prey and bait vector, and that 
independently, these cells cannot grow on the selective media. However, for the interaction 
of the N terminal region of Sdm1 and Ypi1, out of the three biological replicates, only one 
grew strongly on the selective media. This was seen for all three times this experiment was 
repeated. Furthermore, this interaction persisted even upon the addition of 5 mM 3-AT which 
inhibits background histidine produced by “leaky” reporter genes. There is a high chance that 
the two transformants picked did not express the transformed plasmids well, since the 
interaction seen in the single transformant was extremely strong and unlikely to be a false 
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positive. This interaction should therefore be repeated with new transformants to confirm the 
interaction seen.  
It must be noted that any conclusions drawn from the above yeast-2-hybrid interaction can 
only remain speculative until further studies. The removal of entire regions of proteins is 
likely to affect function and conformation greatly, thus, one cannot conclude that the 
observations seen are entirely due to specific regions of a protein. The above speculations 
can be examined by mutating select sites within the protein to achieve a similar result as 
inactivation of an entire domain but without affecting the entire conformation of the protein.  
All the expressed fragments were able to show interactions within the yeast-2-hybrid screen 
to varying degrees, indicating that these fragments are folded to some degree. How true 
these conformations are to their native form is unknown and examining the full-length 
structure versus the fragment under NMR analysis will elucidate this. As a basis, it may be 
worth examining the N terminal regions of Ace2 and Cbk1 prior to examining the full-length 
protein, since the yeast-2-hybrid data indicates that the N terminal region may be important 
for its binding.  
Since removal of an entire domain causes large structural changes in a protein, site-directed 
mutagenesis should be performed in select regions of the domain, and their interactions 
examined in a yeast-2-hybrid screen. This avoids large conformational changes within the 
protein, but also identifies the region important for its binding. As Sdm1 and Mob2 are small 
proteins, it may be worth examining these two proteins first before investigating Sdm1’s 
interaction with Ace2. Since they are both small, the full-length proteins should express well 
in E. coli; the full-length Sdm1 appears to be expressed in the E. coli system and requires 
further optimisation and confirmation by western analysis using an anti-his antibody, see 
Chapter 6. As the full-length Mob2 is a similar size to Sdm1, there should not be a problem 
with expressing this protein.  
 
4.4.2 Proteins that Interact with Sdm1 
In order to further elucidate Sdm1’s role and function within the cell, a collaboration was 
formed with Stanley Field’s lab, University of Washington, to use the Sdm1 bait vector, 
pHH1, to screen against the yeast-2-hybrid library they held. Interestingly, the yeast-2-hybrid 
interactions seen in our screen involving Sdm1 and Ace2, Yrb2, Ypi1 and Kap104 could not 
be repeated in their screen, see Table 4.4. The only interactions which could be repeated 
were those involving Cbk1 and Mob2 and its interaction with self. There are several 
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possibilities as to why the interactions could not be repeated in their hands. Firstly, their 
library utilises a different bait and prey vector background to ours, although the vector is 
essentially the same, and the screen relies on the interaction between the activation and 
binding domains, this difference in vector backgrounds and background strain used to 
screen the library could affect the binding abilities of the proteins. In addition, their 
experimental design differs to ours since they are carrying out a large screen of the entire 
library, they mate their strains while we transform the plasmids into the strains of interest. As 
it is a large scale screen, they select positive interactions on 25 mM 3-AT histidine drop out 
plates to maintain a high stringency, while the highest concentration of 3-AT used in our 
screen was 5 mM; it is extremely likely that weak interactions would not be observed in their 
screen and only the very strongest interactions would be seen. Finally, the large scale 
screen of the library only examined the protein using the bait vector and did not test for any 
interactions using the prey vector instead. 
Despite not seeing the interactions between Sdm1, Ace2, Kap104, Yrb2, and Ypi1 in the 
large scale screen, both screens are valid (Crm1 was not observed as it was not present in 
the library). The large scale screen was repeated twice to confirm the results and only those 
interactions observed in both screens were included in the final listing. The yeast-2-hybrid 
screen performed by us was repeated three times in triplicate; only those interactions 
observed for all 3 screens and in triplicate were included in the final list.  
Of the 12 proteins identified to have an interaction with Sdm1, 10 of them have not 
previously been described to interact with Sdm1, see Table 4.4. It is very likely that Sdm1 
plays a role in nuclear localisation or is localised to the nucleus for its role, because out of 10 
proteins identified to interact with Sdm1, 4 of them (Hat1, Kap111, Prp39 and Yju2) are 
located within the nucleus, see Table 4.4.  
Hat1 is one of the three subunits that make up the type B histone acetyltransferase complex 
that were originally defined as cytoplasmic enzymes that acetylate free but not chromatin 
bound histones (Qin et al. 2002; Poveda et al. 2008). Hat1 is the catalytic subunit, while 
Hat2 is the enzymatic activity stimulatory subunit and Hif1, which in vitro, has histone 
chaperone and chromatin assembly activity (Qin et al. 2002; Poveda et al. 2008). Hat1 is 
involved in the acetylation of histones which is believed to be a method of regulating 
chromatin activity in eukaryotic organisms. Acetylation of histones is a post translational 
modification that neutralises the positive charge of the histones by creating a negative 
charge, as a consequence, the interaction between the histones and the negatively charged 
phosphate groups of DNA are weakened, thus producing a more relaxed structure (Qin et al. 
2002; Poveda et al. 2008). This relaxed chromatin structure facilitates the access of 
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transcriptional machinery to the DNA and reveals specific recognition sites for regulatory 
proteins that promote transcription (Qin et al. 2002; Poveda et al. 2008). Histone acetylation 
is believed to be involved in chromatin assembly during replication as newly synthesised 
histones seem to be acetylated, and they are also reported to be involved in DNA damage 
repair and telomeric silencing (Qin et al. 2002; Poveda et al. 2008). A defect or mis-
regulation in any of these processes will lead to an arrest in cell cycle progression and hence 
affect cell separation, although, how Sdm1 is involved with Hat1 is yet to be determined. 
Kap111/ Mtr10 was identified as a nuclear import receptor of Npl3, a RNA binding protein 
that shuttles in and out of the nucleus that carries poly(A) + mRNA from the nucleus to the 
cytoplasm, and mediates the re-import of Npl3 into the nucleus (Senger et al. 1998; 
Windgassen et al. 2004). In addition, it is hypothesised that Mtr10 is not only involved in the 
nuclear import of Npl3 but also plays a role in intranuclear transport of the Npl3 to sites 
where mRNA is processed or transcribed (Senger et al. 1998). Mtr10 has also been reported 
to be involved in the nuclear accumulation of cytoplasmic tRNA as a way of regulating gene 
expression (Shaheen et al. 2005). Given Sdm1’s interaction with Kap104, another nuclear 
import receptor, and Crm1-Yrb2, it is possible that Sdm1 may play a role in the nuclear 
import/export of proteins, since both import and export of proteins relies on the association of 
an import/export complex, Sdm1 may be a scaffold protein or play a role in Ran-GTP/GDP 
regulation, a cycle that regulates nuclear import and export.  
Prp39 was identified to be a U1 snRNP protein that is involved in pre-mRNA splicing which 
involves a two-step trans-esterification reaction that is catalysed by a ribonucleic complex 
called the spliceosome (Lockhart et al. 1994; Gottschalk et al. 1998; Zhang et al. 1999). 
Prp39 was found to be required for the stable binding of U1 snRNP to its pre-mRNA 
complex, the first step in spliceosome assembly in S. cerevisiae, and is an essential protein 
(Lockhart et al. 1994). Splicing allows the removal of intervening sequences (introns) that 
are present in various nuclear mRNA precursors, thus enabling correct translation of the 
protein (Lockhart et al. 1994; Gottschalk et al. 1998; Zhang et al. 1999). Interestingly, Yju2, 
an essential nuclear protein that has recently been identified to be important in pre-mRNA 
splicing both in vitro and in vivo and promotes the first catalytic reaction of pre-mRNA 
splicing, has a yeast-2-hybrid interaction with Sdm1 too (Liu et al. 2007). This suggests that 
Sdm1 may play a role in pre-mRNA splicing, and given that Sdm1 interacts with nuclear 
import proteins (Kap104 and Mtr10) that are primarily involved in the import of mRNA 
binding proteins into the nucleus, it is possible that Sdm1 may be the link between entry of 
these mRNA binding proteins into the nucleus and the splicing of the mRNA.  
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Sfb2 is a component of the COPII coated vesicles that are responsible for transporting 
proteins from the ER to the Golgi, and is dispensable for cell viability sharing 56% sequence 
identity with the essential protein, Sec24, required for assembly of the COPII coat (Peng et 
al. 2000; Hamasaki et al. 2003). Sfb2 is thought to play a role in sorting cargo for vesicle 
transportation (Peng et al. 2000). Surprisingly, overexpression of Sfb2 is able to rescue the 
deletion of SEC24 to a certain degree, but deletion of SFB2 led to a complete block of ER-
Golgi transport of a number of tested proteins, a proliferation of ER membranes and the 
accumulation of membrane-enclosed vesicular and rod-like structures, implying that Sfb2 
and Sec24 have distinct as well as overlapping functions (Peng et al. 2000). Regulation of 
vesicle transport and/or endocytosis is critical for polarized growth, cell wall biosynthesis and 
cell integrity and it is possible that Sdm1 may, in association with the RAM network, play a 
role in its regulation since Kurischko et al., 2005, have previously suggested that the RAM 
network plays a role in vesicle transport and/or endocytosis (Kurischko et al. 2005). 
Although very little is known about Ubx5, it is a member of the Ubx protein family of which 
there are 7 in S. cerevisiae; Shp1 and Ubx2-7(Schuberth et al. 2004; Schuberth et al. 2008). 
They all contain an Ubx domain, a domain that displays weak amino acid homology to 
ubiquitin and this domain allows them to bind to Cdc48; a highly conserved, essential 
chaperone-related protein that is involved in a range of processes including ubiquitin 
dependent protein degradation, and uses the energy provided by ATP hydrolysis to extract 
substrate proteins from protein complexes or lipid membranes (Schuberth et al. 2004; 
Schuberth et al. 2008). However, in vivo, Cdc48 appears to primarily act on ubiquitylated 
proteins and it is postulated that all Ubx proteins are specificity factors recruiting Cdc48 to 
cellular targets (Schuberth et al. 2004; Schuberth et al. 2008). In addition to containing a Ubx 
domain, a subset of Ubx proteins, including Ubx5, possess a N-terminal UBA domain and 
these proteins have been shown to bind ubiquitylated proteins in vivo (Schuberth et al. 
2004). Furthermore, Shp1 and Ubx2, Ubx proteins possessing a N terminal UBA domain, 
have been shown to play a role in degradation (Schuberth et al. 2004), it is likely therefore 
that Ubx5 plays a role in protein degradation. The current study has shown that protein 
degradation was significantly over represented in the cell separation defective screen, see 
Table 3.4, suggesting it plays a vital role in cell separation, perhaps in the degradation of 
regulatory components so allowing smooth cell cycle progression. It is possible that the 
interaction seen between Ubx5 and Sdm1 is Sdm1 been targeted to Cdc48 by Ubx5 for 
degradation.  
Sdm1 also showed a weak yeast-2-hybrid interaction with Mob1. Mob1 is a component of 
the MEN network, and in association with Dbf2, fully activates Cdc14 which 
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dephosphorylates late anaphase targets leading to Clb2-Cdk1 inactivation and completion of 
mitosis (Luca et al. 2001). Mob1 has been shown to regulate cytokinesis and septation in 
cells (Luca et al. 2001). Mob1 has also been reported to interact with Cbk1 in a yeast-2-
hybrid screen, but the reason for this interaction is unknown (Ito et al. 2001). It is possible 
that Mob1 may show a physical interaction with Sdm1 and Cbk1 because its structure is 
extremely similar to Mob2, but in their natural environment they do not get the opportunity to 
be in close contact with each other to form an interaction.  
 
4.4.3 Proteins that Interact with Yol036w 
From the large scale screen of Sdm1, two uncharacterised proteins, Yol036w and Ylr012c, 
were identified to have a physical interaction with Sdm1, see Table 4.4. Of particular interest 
was Yol036w because it has also been shown to have a yeast-2-hybrid interaction with Cbk1 
and Mob2, two components of the RAM network. Thus, in order to try and characterise this 
protein further, a large scale screen was carried out of Yol036w in collaboration with Stanley 
Field, University of Washington. YOL036W was cloned into the bait vector, pHH27, and sent 
to Stanley Field’s laboratory for screening.  
However, Yol036w’s interaction with Cbk1 could not be seen in the present screen, only 
Yol036w interaction with Mob2 was observed in the screen. Sdm1’s interaction with Yol036w 
was not seen in this screen either, and this may have been because Sdm1 was the prey 
instead of the bait in this screen, so could have affected the binding properties between the 
two proteins.  
The current screen identified 9 novel interactions for Yol036w, see Table 4.5. Two of the 
proteins Yol036w interacts with are uncharacterised, Fsp2, whose expression is induced 
during nitrogen limitation so may play a role in breaking down substrates to convert to 
nitrogen, and Ydl173w, which has been found to be localised to the cytoplasm using GFP 
tagging. The remaining proteins that are found to have interactions with Yol036w vary 
greatly in function in relation to each other, so it is difficult to try and hypothesise Yol036w’s 
role, as there seem to be very little connecting the other proteins to each other.  
Fre5 and Fth1 are both involved with iron homeostatis. Fre5 is a homologue of Fre1 and 
Fre2, metalloreductases that increase the bioavailability of iron and copper complexes in 
metal deficient S. cerevisiae cells (Martins et al. 1998; Philpott et al. 2008). Fre5 is 
specifically regulated by iron via the Aft1 transcription factor and is moderately induced in the 
presence of low levels of iron and is found in the mitochondria (Martins et al. 1998; 
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Sickmann et al. 2003; Shakoury-Elizeh et al. 2004; Lahue et al. 2005; Philpott et al. 2008). 
Fth1 is similar to the high affinity plasma membrane iron transporter Ftr1, but Fth1 is 
localised to the vacuolar surface and similar to proteins that function on the vacuolar surface, 
does not undergo PEP4-dependent degradation, implying it functions on the vacuolar 
surface (Urbanowski et al. 1999). Fht1 appears to function in association with the iron 
oxidase, Fet5, and it is hypothesised that they regulate the intracellular stores of iron present 
in the vacuole within the cell, so when the cell lacks iron, Fht1 and Fet5 mobilize the iron in 
the vacuole for use within the cell (Urbanowski et al. 1999; Singh et al. 2007; Philpott et al. 
2008). 
Dma2 is a homologue of the human Chfr, which is a human RING E3 ubiquitin ligase, and 
similar to Chfr, it is predicted to play a role in ubiquitination of proteins (Fraschini et al. 2004; 
Loring et al. 2008). Dma2 appears to play a role in the spindle orientation and checkpoint 
during mitosis; most likely it regulates septin ring deposition at the bud neck by degrading 
the septins when appropriate as cells overexpressing DMA2 fail to disassemble septin rings 
in a timely manner (Fraschini et al. 2004; Loring et al. 2008). In addition, strong 
overexpression of DMA2 leads to mitotic exit and defects in cytokinesis (Fraschini et al. 
2004), thus, Dma2 is likely to regulate spindle orientation and checkpoint by ubiquintination, 
so that cells can progress to MEN and cytokinesis.  
Mcm6 is a member of the highly conserved Mcm2-7 family of proteins that are required for 
cell cycle progression and DNA replication and initiation. Mcm6 is essential for viability and 
is a member of the AAA+ class of ATPases, and although they have an ATP binding site, 
Mcm proteins alone do not contain significant ATPase activity and act in co-ordination with 
other Mcm proteins (Davey et al. 2003; Biswas-Fiss et al. 2005). Mcm6 is involved in the 
replication of DNA, and is a component of the Mcm2-7 hexamaric complex that binds 
chromatin as part of the pre-replicative complex (Tye 1999; Homesley et al. 2000; Biswas-
Fiss et al. 2005). It is clear that cell cycle arrest will occur if Mcm6 is not regulated properly, 
although what function the interaction between Yol036w and Mcm6 plays is still unknown. 
Mig1 is a transcription factor that negatively regulates expression of SUC, MAL, GAL, genes 
involved in alternative carbon source utilization, when there is a high level of glucose present 
in the cell, and actively represses the transcription of those genes (Carlson 1999; Schuller 
2003; Santangelo 2006). Mig1 recruits the co-repressor complex Cyc8-Tup1 in order to 
mediate its binding to specific target promoter and execute gene repression in the presence 
of glucose (Carlson 1999; Schuller 2003; Santangelo 2006). Mig1 itself is regulated by Snf1 
by phosphorylation (Carlson 1999; Schuller 2003). Mig1 can act as an activator as well as a 
repressor (Carlson 1999; Schuller 2003; Santangelo 2006).  
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Ndt80 is a meiosis specific transcription factor that is required for exit from pachytene 
(occurs at the end of meiotic prophase I and leads to metaphase I and is a crucial regulatory 
checkpoint of meiosis since it is the last stage the cells can return to mitotic division) and 
also activates the expression of middle sporulation genes (Xu et al. 1995; Hepworth et al. 
1998; Pierce et al. 2003). Deletion of NDT80 leads to pachytene arrest in the absence of any 
defect in meiotic genes (Xu et al. 1995; Hepworth et al. 1998; Pierce et al. 2003). NTD80 
most likely plays a key role in the meiotic recombination checkpoint.  
Trs120 is one of the ten subunits that form the TRAPP complex, a multi-protein complex that 
mediates the docking of ER-derived vesicles to the cis-Golgi (Sacher et al. 2000; Sacher et 
al. 2001).  Studies have shown that there are two TRAPP complexes, TRAPPI and TRAPPII, 
where TRAPPI acts at the cis-Golgi and TRAPPII acts at the trans-Golgi (Sacher et al. 2001; 
Cai et al. 2005; Morozova et al. 2006). Trs120 has been solely found as a component of the 
TRAPPII subunit and trs120 mutants are found to have a block in endocytic traffic from the 
early endosome to the trans-Golgi, implying that Trs120 plays a role in early endosome 
trafficking (Cai et al. 2005). In addition TRAPPI and TRAPPII have been identified as 
Guanine nucleotide-exchange factors (GEFs) for Ypt1 and Ypt31/32, which regulate entry 
and exit from the Golgi (Morozova et al. 2006).  
Although at first glance there seems to be very little to link any of the proteins Yol036w was 
found to interact with in the yeast-2-hybrid screen, a closer examination seems to suggest 
that Yol036w may be involved in stress response. Both Fre5 and Fth1 are involved in iron 
homeostatis, while Mig1 represses genes that are used for breaking down alternative carbon 
sources to glucose, finally Ndt80 activates genes required for meiosis and sporulation; 
sporulation occurs when cells are under nitrogen starvation in the presence of a non-
fermentable carbon source. This seems to indicate that Yol036w may play a central role in 
stress response. 
Yol036w also has an interaction with Trs120 which is involved in trafficking of proteins from 
the ER to Golgi, and previously Kurischko et al., 2005, have suggested that the RAM 
network plays a role in vesicle transport and/or endocytosis (Kurischko et al. 2005). In 
addition, Sdm1 interacts with Sbf2 which also plays a role in ER to Golgi transport. It is 
possible that Yol036w plays a role in ER to Golgi transport in association with Sdm1 and the 
RAM network, as opposed to a role in cell separation. That Yol036w plays a role in cell 
separation in association with Sdm1 cannot be discounted either; Yol036w interacts with 
both Mcm6 and Dma2 which are important for cell cycle progression and cytokinesis.  
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From the yeast-2-hybrid data collected from both Yol036w and Sdm1 it is possible to 
speculate that both these proteins may play a role in more than one function in the cell. 
Sdm1 seems to have links with nuclear import and export, mRNA processing, ER to Golgi 
trafficking as well as possibly cell separation. Yol036w seems to have links with cell cycle 
progression and cytokinesis, regulation of stress response in the cell and ER to Golgi 
trafficking. Since, Sdm1 and Yol036w both interact and have links with ER to Golgi trafficking 
and cell cycle progression, it is likely that they are in the same network, however, all this is 
merely speculation derived from the yeast-2-hybrid data sets. Of particular interest is that 
SDM1 and YOL036W are paralogues, further strengthening the hypothesis that Sdm1 and 
Yol036w function in the same network as each other (Scannell et al. 2006).Further 
characterisation of both proteins need to be carried out to fully examine their roles in S. 
cerevisiae.  
 
4.4.4 TAP-tagging and Co-immunoprecipitation of Interacting Proteins of Sdm1 
Protein-protein interactions can be observed via TAP-tagging and co-immunoprecipitation 
experiments as well. Both methods rely on interacting proteins to form a complex with one 
another within the cell; this complex can then be purified. Hence, TAP-tagging and co-
immunoprecipitation will not be able to isolate transiently formed complexes as these 
complexes recycle rapidly within the cell and the interactions between these complexes are 
relatively weak. TAP-tagging relies on the protein of interest to be fused with a tandem-
affinity tag, and this TAP-tag binds onto beads coated with IgG. Theoretically, proteins that 
interact with the protein of interest will be bound in a complex with the protein of interest to 
these beads. The “free” proteins, those that do not interact with the protein of interest, will be 
removed by washing, and the interacting proteins can then be removed from the beads by 
the addition of an enzyme, TEV protease, which digests a TEV cleavage site within the TAP-
tag and releases the bound protein complexes from the beads into the surrounding elution 
buffer. The supernatant is then analysed by running on a SDS PAGE gel and compared to a 
control sample in order to identify unique bands present only in the tagged samples. These 
bands are then identified by mass spectrometry analysis.  
In the present study, unique bands were isolated from the protein lysates of ACE2-TAP and 
SDM1-TAP strains, see Figure 4.13; however, these bands were too weak to be extracted 
and identified by mass spectrometry analysis. In addition, the samples contained a lot of 
background, so the process will need to be optimised further.  
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Co-immunoprecipitation differs to TAP-tagging because it examines whether two proteins 
interact with one another or not; both proteins are known prior to the experiment. Similar to 
TAP-tagging, the proteins of interest are fused to a fusion tag of some sort; the most 
commonly used tags being HA and MYC tags, but in the present study the fluorescent GFP 
and REDSTAR2 tags were used as these strains were already made for protein co-
localisation studies, see Chapter 5. As with TAP-tagging, protein is extracted from cells and 
the protein of interest is bound to magnetic beads by the addition of an antibody that 
recognises the tag on the protein of interest in the lysates and can bind/ is bound to 
magnetic beads. The bound proteins are collected via either centrifugation of the beads or 
by using a magnetic field to collect the beads, and re-suspended in a buffer and examined 
by western analysis. Theoretically, only the protein of interest and any complexes it forms 
within the cell will be present in the purified lysate; thus, if an antibody probing for the 
interacting protein is used during the western analysis, a band will only be seen if the 
interacting protein forms a complex with the protein of interest. If no band is visualised, the 
two proteins do not interact.  
In the current study, non-specific binding was observed for all strains, including the control. 
The control is a purified lysate from S. typhimurium 12023 that is constitutively expressing 
GFP; thus, a single band should be observed when probed with anti-GFP antibody and no 
bands should be observed when probed with an anti-RFP antibody. Instead, non-specific 
binding was observed with both antibodies, therefore, protein-protein interactions could not 
be verified in the present study. Co-immunoprecipitation should be carried out using the 
more common tags, such as HA and MYC tags, as procedures and antibodies have been 
optimised for use with those tags. 
The results of the co-immunoprecipitation and TAP–tagging experiments remain 
inconclusive and could not confirm or refute the yeast-2-hybrid data.  
 
4.5 Conclusion 
In conclusion, 15 novel protein-protein interactions were reported for Sdm1 that were 
previously not described, and 9 novel protein-protein interactions were reported for Yol036w, 
an uncharacterised protein. By using the “guilt-by-association” method, the results of the 
yeast-2-hybrid data suggested that Sdm1 may play roles in cell cycle progression and 
separation, ER to Golgi trafficking, export and import of the nucleus and mRNA processing, 
while Yol036w is thought to be involved in cell stress response, ER to Golgi trafficking, cell 
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cycle progression and cytokinesis. Since, Sdm1 and Yol036w both interact, have links with 
ER to Golgi trafficking and cell cycle progression, and are paralogues of each other, it is 
speculated that they act in the same network. Furthermore, the N terminal regions of Ace2 
and Cbk1 may be important for their protein-protein interactions, while the N terminal region 
of Mob2 is hypothesised to specify Mob2’s interacting partners, perhaps by exposing the C 
terminal region via a conformational change. Finally, the results of the co-
immunoprecipitation and TAP–tagging experiments remain inconclusive and could not 
confirm or refute the yeast-2-hybrid data.  
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Chapter 5: Localisation Studies of Ace2, Cbk1, Kap104, 
Sdm1 and Yrb2 
 
5.1 Overview 
The uncharacterised gene, SDM1, was identified in a screen for cell separation defective 
mutants, see Chapter 3, and a yeast-2-hybrid screen confirmed previous work by Ito et al., 
2001, that Sdm1 interacted with the RAM proteins, Cbk1 and Mob2 (Ito et al. 2001), as well 
as identifying novel interacting partners, see Chapter 4.  
To characterise Sdm1 further, a series of localisation experiments were carried out to 
examine whether Sdm1 co-localised with any of its interacting partners believed to be 
involved in cell separation. Sdm1’s localisation within the cell was also examined to see if 
this could elucidate further information regarding its function and role within the cell.  
Preliminary data supports Sbia et al.’s hypothesis that Ace2 is localised to both mother and 
daughter cell nuclei at the end of mitosis, as Ace2-GFP was found to be localised to both 
mother and daughter cell nuclei (Sbia et al. 2008). Furthermore, Ace2-REDSTAR2 was 
observed to co-localise with Kap104-GFP, whether this indicates an interaction between 
Kap104 and Ace2 remains to be confirmed.  
In the current study, Ace2 appears to be mis-localised in sdm1 cells, and it is postulated that 
Sdm1 may be the signal that Cbk1 requires to phosphorylate Ace2 thus masking the NES on 
Ace2 so preventing early exit of Ace2 from the daughter cell nucleus. Furthermore, sdm1 
cells may have a budding pattern defect as some sdm1 cells were observed to display a 
bipolar budding pattern that is normally observed in diploid cells only.  
 
 
 
 
 
 
 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 5 – Localisation studies of Ace2, Cbk1, Kap104, Sdm1 and Yrb2  
 
177 
 
5.2 Materials and Methods 
5.2.1 Construction of Fluorescent-tagged Yeast Strains 
5.2.1.1 Construction of GFP tagged Yeast Strains 
GFP tagged yeast strains were constructed by fusing a GFP-tag to the C terminal end of the 
gene of interest. The GFP-tag was amplified from pYM44 using the oligonucleotides listed in 
Table VII, Appendix II, as previously described by Janke et al., 2004 (Janke et al. 2004). The 
amplified GFP cassette was cloned by homologous recombination into BY4741, Δace2, and 
Δsdm1 strains from the YKO library. Transformants were selected by growth on histidine 
drop out plates at 30oC for 3 days. After 3 days, selected transformants were streaked onto 
fresh histidine drop out plates and grown for a further 3 days; the selected transformants 
were checked by colony PCR using Bio-X-act short polymerase (Bioline) with the 
oligonucleotides listed in Table VIII, Appendix II, for the inserted GFP cassette. Strains 
confirmed by colony PCR were analysed by southern analysis to ensure that the GFP 
cassette was integrated at the correct position within the genome and only single integration 
of the cassette had occurred.  
 
5.2.1.2 Construction of REDSTAR2-tagged Yeast Strains 
REDSTAR2 tagged yeast strains were constructed by fusing a REDSTAR2-tag to the C 
terminal end of the gene of interest. The REDSTAR2 cassette was amplified from pYM43 by 
using the oligonucleotides listed in Table VII, Appendix II, as previously described by Janke 
et al., 2004 (Janke et al. 2004). The amplified REDSTAR2 cassette was cloned by 
homologous recombination into the GFP-tagged strains HH2, 3, 4, and 5 (see Chapter 2). 
Transformants were selected by growth on 200 µg/ml nourseothricin (NAT) histidine drop out 
plates at 30oC for 3 days. After 3 days, selected transformants were streaked onto fresh 200 
µg/ml NAT histidine drop out plates and grown for a further 3 days; the selected 
transformants were checked by colony PCR using Bio-X-act short polymerase (Bioline) with 
the oligonucleotides listed in Table VIII, Appendix II, for the inserted REDSTAR2 cassette. 
Strains confirmed by colony PCR were analysed by southern analysis to ensure that the 
REDSTAR2 cassette was integrated at the correct position within the genome and only 
single integration of the cassette had occurred.  
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5.2.2 Localisation of Fluorescent-tagged Proteins 
Strains were grown overnight in 10 ml of selective media at 30oC, 180 rpm. In the morning, 
cells were diluted to OD600 = 0.3 and allowed to grow at 30
oC, 180 rpm for a further 2-3 
hours, till the OD600 was between 0.5-1. Cells were spun down at 3,000 rpm and washed 
twice with PBS before being re-suspended in approximately 200-500 µl of PBS. 
Approximately 10 µl of culture was mounted onto poly-L-lysine microscope slides (Sigma) 
and observed using a Zeiss Axiovert 200 inverted microscope. A DA/FI/TR/Cy5-4X-A Quad-
band filter set (Semrock) was used to observe GFP and REDSTAR2-tagged yeast strains.  
Chitin present in the yeast cell wall was examined by staining cells in 1 mg/ml calcofluor 
white, at room temperature, for 5 minutes prior to mounting onto poly-L-lysine microscope 
slides (Sigma) and observed using a Zeiss Axiovert 200 inverted microscope. A 
DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to observe calcofluor white 
stained cells. Slides were wrapped in foil/ kept in the dark till they were observed.   
The nucleus of yeast cells were observed by staining cells in 5 µM DRAQ5, a novel far red 
fluorescent DNA dye (Biostatus Ltd.), at room temperature, for 20 min prior to mounting onto 
poly-L-lysine microscope slides (Sigma) and observed using a Zeiss Axiovert 200 inverted 
microscope. A CY3-4040B filter set (Semrock) was used to observe DRAQ5 stained cells. 
Slides were wrapped in foil/ kept in the dark till they were observed.   
 
5.2.3 Is Cts1 Present in sdm1 Cells? 
Strains were cultured overnight in 10 ml of selective media at 30oC, 180 rpm. In the morning, 
cells were diluted to OD600 = 0.4, and allowed to grow for a further 2-3 hours till the culture 
approximately reached OD600 =1. RNA extraction was performed on the cells as previously 
described in Section 2.3.3, Chapter 2, and the resulting RNA samples was subjected to a 
northern analysis probing for CTS1. The 500 bp CTS1 probe was amplified from S. 
cerevisiae genomic DNA using the oligonucleotides listed in Table II, Appendix II.  
 
5.3 Results 
5.3.1 Verification of Constructed Fluorescent-tagged Strains 
Fluorescent-tagged strains were constructed as described in Figures VII-XV, Appendix I, via 
homologous recombination and verified by colony PCR and southern analysis to ensure 
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integration at the correct position within the genome and only single integration of the 
cassette had occurred. A 500 bp GFP probe, amplified from pYM44, using the 
oligonucleotides listed in Table I, Appendix II, was used to check strains integrated with a 
GFP-tag, while a 500 bp REDSTAR2 probe, amplified from pYM43, using the 
oligonucleotides listed in Table I, Appendix II, was used to check strains with a REDSTAR2-
tag.   
 
5.3.2 Localisation of Ace2, Cbk1, Kap104, Sdm1 and Yrb2 
The localisation of Ace2, Cbk1, Kap104, Sdm1 and Yrb2 within the cell was examined. A 
novel far red fluorescent DNA dye, DRAQ5, was used for nuclear co-localisation studies as 
co-staining the GFP-tagged strains with DAPI resulted in loss of the GFP signal, data not 
shown.  
Ace2-GFP expression was found to be highly concentrated within cells, suggesting that 
Ace2-GFP was localised to specific areas within the cell at high concentrations, see Figure 
5.1. As previously described (Colman-Lerner et al. 2001; Weiss et al. 2002), Ace2-GFP was 
mainly found localised to the daughter cell nucleus in association with its role in cell 
separation by activating daughter specific genes for cell separation, see Figure 5.1. In our 
studies, Ace2-GFP was also seen to localise to both mother and daughter cell nuclei, this 
supports previous data that Ace2 is imported to both mother and daughter cell nuclei 
towards the end of mitosis, but in the mother cell nucleus, Ace2 is proposed to be exported 
from the nucleus by Crm1, see Figure 5.1 (Dohrmann et al. 1996; Weiss et al. 2002; Sbia et 
al. 2008). 
Cbk1-GFP expression was found to be highly concentrated within the cells, suggesting that 
Cbk1 was localised to specific areas within the cell at a high concentration, see Figure 5.1. 
As seen by Weiss et al., 2002, (Weiss et al. 2002), as the bud tip emerges, Cbk1-GFP is 
localised to the bud tip, and as the bud becomes bigger Cbk1 appears to be re-localised to 
the bud cortex. Once the daughter and mother cell appear to be of equal size, possibly prior 
to cytokinesis and cell separation, Cbk1-GFP appears to re-localise to the bud neck with no 
discrimination between the mother or daughter cell side, see Figure 5.1. Cbk1-GFP’s 
localisation to the bud tip and cortex is consistent with its role in cellular morphogenesis.  
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Figure 5.1: Localisation of Ace2 and Cbk1 in S. cerevisiae cells. Ace2 is primarily found in the 
daughter cell nucleus in order to activate transcription of daughter-specific genes required for cell 
separation. Cbk1 is believed to localise at the emerging bud tip before migrating to the bud neck. 
Strains were cultured overnight at 30
o
C, 180rpm in selective medium. In the morning, strains were 
diluted to OD600 = 0.4, and grown for a further 2- 4 hours at 30
o
C, 180rpm. Strains were washed in 
PBS and stained with DRAQ5 and visualised using a Zeiss Axiovert 200 inverted microscope. A 
DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to observe GFP, while a CY3-4040B 
filter set (Semrock) was used to observe DRAQ5. The white arrow indicates the daughter cell while 
the unfilled arrow indicates the mother cell. DRAQ5 stains the nucleus of cells. 
 
Kap104-GFP and Yrb2-GFP were both found to localise to the mother or daughter cell 
nucleus without bias throughout the cell cycle, see Figure 5.2. These observations are in line 
with Kap104’s role in nuclear import and Yrb2’s role in nuclear export (Aitchison et al. 1996; 
Taura et al. 1998; Lee et al. 1999; Hood et al. 2001). From the current data, it is speculated 
that both Kap104 and Yrb2 remain within the nucleus throughout the cell cycle. Kap104-GFP 
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and Yrb2-GFP were not observed to be localised in the cytoplasm during the cell cycle but 
remained in the nucleus, see Figure 5.2. It is likely that Kap104 and Yrb2 mediate the import/ 
export of proteins to/from the nucleus on the nuclear side, and an alternative complex 
mediates the import/export of proteins to/ from the nucleus on the cytoplasmic side.  
Figure 5.2: Localisation of Kap104 and Yrb2 in S. cerevisiae cells. Kap104 and Yrb2 are localised to 
the nucleus. Strains were cultured overnight at 30
o
C, 180rpm in selective medium. In the morning, 
strains were diluted to OD600 = 0.4, and grown for a further 2- 4 hours at 30
o
C, 180rpm. Strains were 
washed in PBS and stained with DRAQ5 and visualised using a Zeiss Axiovert 200 inverted 
microscope. A DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to observe GFP, while a 
CY3-4040B filter set (Semrock) was used to observe DRAQ5. DRAQ5 stains the nucleus of cells. 
 
Sdm1-GFP was not observed in the current study. Over-excitation of the fluorophor, 
produced faint GFP signals, however, these are believed to be artefacts and not true GFP 
signals. The SDM1-GFP strain was sent to Megan Lenardon, University of Aberdeen, to see 
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if GFP signals could be observed using their fluorescent microscope; SDM1-GFP expression 
could not be observed.  
SDM1-GFP RNA was probed with a SDM1 probe by northern analysis to examine whether 
SDM1-GFP was being expressed in SDM1-GFP cells. The northern analysis showed that 
SDM1-GFP appeared to be expressed in the cells, see Figure 5.3. The lack of GFP signal in 
SDM1-GFP cells is not due to non-expression of SDM1-GFP in these cells.   
 
 
 
Figure 5.3: SDM1-GFP RNA is expressed in SDM1-GFP cells indicating 
that the lack of GFP signal in SDM1-GFP cells is not due to non-
expression of SDM1-GFP. SDM1-GFP expression was probed by using a 
538bp probe specific to SDM1. The forward primer (5’-
GGCGCAGGCGCCATCCATGC-3’) was positioned 213bp from the 
START codon, while the reverse primer (5’-
CCCACTCCGCATTGATCAAG-3’) for the probe was positioned 41bp 
before the STOP codon of SDM1. Bottom panel shows the rRNA loading 
for the sample. 
 
 
 
5.3.3 Co-localisation Studies of Ace2, Cbk1, Kap104 and Yrb2 
Data from the yeast-2-hybrid screen indicates that Ace2, Cbk1, Kap104, and Sdm1 all 
interact with one another, see Chapter 4, and this interaction is speculated to play a role in 
Ace2, Cbk1 and Mob2’s roles in cell separation. The REDSTAR2-tag was fused with either 
Ace2 or Sdm1 in strains expressing GFP-tagged variants of Cbk1, Kap104 and Yrb2; and 
the newly constructed strains, see Chapter 2, were examined to see if co-localisation of 
proteins could be observed for those proteins shown to interact in a yeast-2-hybrid screen, 
see Chapter 4.   
Preliminary data indicates that Ace2-REDSTAR2 does not appear to co-localise with Cbk1-
GFP in our current study, see Figure 5.4; however, the Ace2-REDSTAR2 signal was 
extremely weak and difficult to visualise against the background.  As previously reported 
(Colman-Lerner et al. 2001; Weiss et al. 2002), Ace2-REDSTAR2 appears to be localised 
mainly to the daughter cell nucleus, and this is in accordance with its role in cell separation 
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where it regulates the activation of daughter specific genes, see Figure 5.4. Cbk1-GFP was 
seen to localise to the bud tip, cortex or bud neck; at no stage in the study was Cbk1-GFP 
observed to localise to the nucleus or with Ace2-REDSTAR2, see Figure 5.4. Ace2-
REDSTAR2 was also observed to localise to the mother cell cytoplasm which is in line with 
observations by others (Mazanka et al. 2008; Sbia et al. 2008) that Ace2 is exported from 
the mother cell nucleus, but not the daughter cell nucleus leading to activation of daughter-
specific genes required for cell separation, see Figure 5.4. 
Preliminary observations suggest that Ace2-REDSTAR2 and Kap104-GFP both localise to 
the nucleus; see Figure 5.5, whether this observation is a protein-protein interaction between 
the two proteins remains to be determined. Co-localisation between Ace2 and Yrb2 was not 
examined because a YRB2-GFP, ACE2-REDSTAR2 strain could not be constructed. While 
a SDM1-GFP, ACE2-REDSTAR2 strain was constructed, Sdm1-GFP expression could not 
be observed in the current screen, see Figure 5.4.  
Similar to SDM1-GFP, SDM1-REDSTAR2 was not observed in this study except in the 
CBK1-GFP, SDM1-REDSTAR2, see Figure 5.4 and 5.5. Interestingly, a fairly moderate 
Sdm1-REDSTAR2 signal was observed in the CBK1-GFP, SDM1-REDSTAR2 strain, see 
Figure 5.4. This Sdm1-REDSTAR2 does not seem to be from auto-fluorescence as it’s 
highly concentrated in the mother cell cytoplasm and near the bud neck from the mother cell 
side, see Figure 5.4. At no point during the study was a co-localisation of this signal noted 
with Cbk1-GFP or in the nucleus, however, further work needs to be done before any firm 
conclusions can be made.  
The observed Ace2-REDSTAR2 signal was weak in comparison to the Ace2-GFP signal, 
and this was due to a combination of auto-fluorescence from the yeast cells causing the 
background to be fairly high, rapid bleaching of the REDSTAR2 signal, and not using the 
optimum settings for visualisation of the REDSTAR2-tag, see Figure 5.4 and 5.5. Use of the 
REDSTAR2-tag will need to be optimised for future studies as auto-fluorescence from yeast 
cells may mask weakly expressed REDSTAR2-tagged proteins; alternatively, another fluoro-
tag, such as Cyan Fluorescent Protein (CFP) or Yellow Fluorescent Protein (YFP) should be 
used in future studies.  
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Figure 5.4: Co-localisation studies of Ace2, Cbk1, and Sdm1. Cbk1 does not appear to co-localise with Ace2 or 
localise to the nucleus. Cbk1 and Sdm1 do not appear to co-localise together, although, Sdm1 appears to 
localise in the mother cell cytoplasm and near the bud neck of the mother cell. Strains were cultured overnight at 
30
o
C, 180rpm in selective medium. In the morning, strains were diluted to OD600 = 0.4, and grown for a further 2-
4 hours at 30
o
C, 180rpm. Strains were washed in PBS and stained with DRAQ5 and visualised using a Zeiss 
Axiovert 200 inverted microscope. A DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to observe 
GFP and REDSTAR2, while a CY3-4040B filter set (Semrock) was used to observe DRAQ5. DRAQ5 stains the 
nucleus of cells. White arrow indicates the daughter cell.  
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Figure 5.5: Co-localisation studies of Ace2, Kap104, and Yrb2. Kap104 and Ace2 both appear to localise to the 
nucleus, whether they co-localise together to the nucleus will require further investigation. Sdm1-REDSTAR2 
expression was not observed in the cells; the faint Sdm1-REDSTAR2 signals seen in the cells are likely due to 
autofluorescence of the yeast cells. Strains were cultured overnight at 30
o
C, 180rpm in selective medium. In the 
morning, strains were diluted to OD600 = 0.4, and grown for a further 2-4 hours at 30
o
C, 180rpm. Strains were 
washed in PBS and stained with DRAQ5 and visualised using a Zeiss Axiovert 200 inverted microscope. A 
DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to observe GFP and REDSTAR2, while a CY3-
4040B filter set (Semrock) was used to observe DRAQ5. DRAQ5 stains the nucleus of cells.  
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5.3.4 Is Ace2 Mislocalised in sdm1 Cells? 
One hypothesis regarding Sdm1’s role in cell separation centres around Sdm1’s involvement 
in regulating Ace2 function. For cell separation to occur, Ace2 must be localised to the 
daughter cell nucleus for activation of daughter specific genes required for cell separation 
(Colman-Lerner et al. 2001; Weiss et al. 2002; Kurischko et al. 2005). The localisation of 
Ace2-GFP was examined in sdm1 cells to see whether Ace2-GFP was mis-localised in 
sdm1 cells.  
In ACE2-GFP cells, Ace2-GFP appears to be localised principally to the daughter cell 
nucleus as previously reported (Colman-Lerner et al. 2001; Weiss et al. 2002; Kurischko et 
al. 2005), see Figure 5.6. Ace2-GFP was also found to localise to the mother cell nucleus in 
some of the ACE2-GFP cells, see Figure 5.1.  
In ACE2-GFP sdm1 cells, Ace2-GFP appears to localise primarily to the daughter cell 
nucleus, similar to the ACE2-GFP cells, see Figure 5.6. However, the localisation of Ace2-
GFP in sdm1 cells appear to be more diffuse than in ACE2-GFP cells, see Figure 5.6. In 
contrast to control cells, the Ace2-GFP does not appear to be solely highly concentrated in 
the daughter cell nuclei, but appears diffusely around the daughter nuclei suggesting that 
Ace2-GFP may also be in the cytoplasm of the daughter cells, see Figure 5.6. Diffuse Ace2-
GFP expression also appears to be present in the mother cell cytoplasm, see Figure 5.6. It’s 
possible that the Ace2-GFP expression seen could be an artefact of the background 
autofluorescence, but the Ace2-GFP expression is fairly moderate, and no background 
autofluorescence was detected for the control cells, see Figure 5.6; further experimentation 
will need to be done to confirm this finding. Furthermore, the majority of ACE2-GFP sdm1 
cells did not appear to have a cell separation defect, contradicting previous data, presented 
in this study, see Chapter 3 and Figure 5.6.
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Figure 5.6: Localisation of Ace2 in ACE2-GFP cells and ACE2-GFP sdm1 cells. In ACE2-GFP cells, 
Ace2 is primarily localised to the daughter cell nucleus. In ACE2-GFP sdm1 cells, Ace2 is primarily 
believed to be localised to the daughter cell nucleus, but also appears to be diffusely localised to the 
cytoplasm of mother and daughter cells. Strains were cultured overnight at 30
o
C, 180rpm in selective 
medium. In the morning, strains were diluted to OD600 = 0.4, and grown for a further 2-4 hours at 
30
o
C, 180rpm. Strains were washed in PBS and visualised using a Zeiss Axiovert 200 inverted 
microscope. A DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to observe GFP while a 
CY3-4040B filter set (Semrock) was used to observe DRAQ5. DRAQ5 stains the nucleus of cells. The 
white arrow indicates the daughter cell.  
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5.3.5 CTS1 is Expressed in ace2 and sdm1 Cells 
Cts1 is the principal enzyme required for degradation of the primary septum between mother 
and daughter cells (Kuranda et al. 1991; Baladron et al. 2002), a cell separation defect could 
thus be explained if CTS1 was not expressed in ace2 and sdm1 cells. However, contrary to 
data presented in Chapter 3, ACE2-GFP sdm1 cells did not appear to have a cell 
separation defect, see Figure 5.6. ace2 and sdm1 cells were therefore examined for CTS1 
expression.  
Northern analysis probing for the expression of CTS1 with a CTS1 probe in ace2 and sdm1 
cells showed that CTS1 was expressed in both ace2 and sdm1 cells, see Figure 5.7. In 
sdm1 cells, CTS1 was found to be expressed at a similar level as in “wild-type” cells, the 
parental control BY4741, see Figure 5.7. In ace2 cells, CTS1 was found to be expressed at 
a much lower level than in sdm1 and “wild-type” cells, but could still be clearly seen on a 
northern, see Figure 5.7. CTS1 is therefore expressed in both ace2 and sdm1 cells.  
In sdm1 cells, the CTS1 expression is similar to wild-type expression levels, the apparent 
cell separation defect observed in sdm1 cells in Chapter 3 is therefore not due to a lack of 
CTS1 expression. In ace2 cells, the CTS1 expression is detectable but present at a very low 
level in comparison to “wild-type” cells, it is likely that the cell separation defect seen in ace2 
cells are largely due to a decrease of CTS1 expression in these cells.  
 
Figure 5.7: CTS1 is expressed in sdm1 and ace2 cells. The level of CTS1 expression is similar to the 
parental control, BY4741, in sdm1 cells, while CTS1 is expressed at a much lower level in ace2 cells. 
The stained RNA ribosomal bands are provided as a loading control.  
 
  
 
 
 
 
 
 
Legend: 
A = BY4741 (parental control) 
B = CTS1-GFP 
C = ace2 
D = sdm1 
E = ace2 CTS1-GFP 
F = sdm1 CTS1-GFP 
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5.3.5.1 Cts1 is Not Mislocalised in ace2 and sdm1 Cells 
CTS1 is expressed in both ace2 and sdm1 cells, see Figure 5.7. Cts1-GFP was constructed 
in ace2 and sdm1 cells to examine whether Cts1 was mis-localised in these cells, thereby 
explaining the apparent cell separation defect seen in sdm1 cells.  
Cts1 is normally found at the daughter side of the bud neck in wild-type cells (Colman-Lerner 
et al. 2001), see Figure 5.8, and similar to the control, CTS1-GFP cells, Cts1-GFP was found 
localised to the bud neck in both ace2 and sdm1 cells, see Figure 5.8. Cts1-GFP did not 
appear to be localised to the bud neck of all ace2 cells, and this is most likely due to the 
reduced expression of CTS1 in ace2 cells thereby accounting for the strong cell separation 
defect seen in ace2 cells, see Figure 5.7 and 5.8. 
 
Figure 5.8: Cts1 is not mis-localised in ace2 and sdm1 cells. Similar to the control cells, CTS1-GFP, 
Cts1-GFP is localised to the bud neck in ace2 and sdm1 cells. Strains were cultured overnight at 
30
o
C, 180 rpm in selective medium. In the morning, cells were diluted to OD600 = 0.4, and grown for a 
further 2- 4 hours at 30
o
C, 180 rpm. Strains were washed in PBS and visualised using a Zeiss 
Axiovert 200 inverted microscope. A DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was used to 
observe GFP. The white arrow indicates the bud neck between mother and daughter cells.  
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5.3.5.2 Chitin Localisation in ace2 and sdm1 Cells 
After cytokinesis, the mother and daughter cell remain attached to each other via the 
septum; the septum needs to be degraded for mother and daughter cell to separate from 
each other. The primary septum is primarily composed of chitin (Yeong 2005), and an 
increase in the levels of chitin in sdm1 cells may explain the apparent cell separation defect 
seen in these cells despite having a similar to wild-type level expression and localisation of 
Cts1, the enzyme primarily responsible for chitin degradation, see Figure 5.7 and 5.8. Chitin 
localisation was examined in sdm1 and ace2 cells by staining the cells with 1 mg/ml of 
calcofluor white and observing the cells using a Zeiss Axiovert 200 inverted microscope with 
a DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock). 
Similar to control cells, the parental strain BY4741, chitin was found to be localised to the 
bud neck of mother and daughter cells in both ace2 and sdm1 cells acting as points of 
attachments between mother and daughter cells prior to cell separation, see Figure 5.9.  
Haploid cells bud in an axial pattern whereby the new bud (or daughter cell) emerges 
adjacent to the previous bud site (old daughter cell), while diploid cells follow a bipolar 
pattern of budding whereby the new bud emerges opposite the previous bud site (Amberg 
D.C. 2005). A ring of chitin is left behind as a bud scar once the mother and daughter cell 
have separated at the old bud site, and these can be visualised by staining cells with 
calcofluor white (Amberg D.C. 2005). Interestingly, the budding pattern in some of the sdm1 
cells appeared to follow a bipolar pattern of budding which is usually associated with diploid 
cells (Amberg D.C. 2005), see Figure 5.9. In contrast to ace2 cells, where the new bud 
appears to be emerging adjacent to the previous bud site, as can be seen by adjacently 
stained chitin rings in ace2 cells, some of the chitin rings emerging in sdm1 cells are at 
opposite ends to the previous chitin ring in mother cells, although this is not true of all cells 
observed, see Figure 5.9. To confirm whether this is of significance or not, the number of 
sdm1 cells budding in an axial or bipolar budding pattern will need to be scored and 
compared against wild-type cells.  
It was not possible to use calcofluor white staining as an indication of the chitin levels 
present at the septum between mother and daughter cells; an alternative method will 
therefore need to be used to discern whether there is a higher concentration of chitin present 
in the septum of sdm1 cells than in wild-type cells.  
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Figure 5.9: Similar to the parental strain, BY4741, chitin was found localised to the septum of mother 
and daughter cells in ace2 and sdm1 cells prior to cell separation. Interestingly, a proportion of sdm1 
cells appeared to undergo a bipolar pattern of budding as opposed to an axial pattern of budding that 
is normally seen in haploid cells. Strains were cultured overnight at 30
o
C, 180 rpm in selective 
medium. In the morning, cells were diluted to OD600 = 0.4, and grown for a further 2-4 hours at 30
o
C, 
180rpm. Strains were washed in PBS, stained with 1 mg/ml calcofluor white and visualised using a 
Zeiss Axiovert 200 inverted microscope. A DA/FI/TR/Cy5-4X-A Quad-band filter set (Semrock) was 
used to visualise cells stained by calcofluor white.  
 
 
5.4 Discussion 
The present study aimed to elucidate further information surrounding Sdm1 and its function 
in cell separation by examining its localisation within the cell. Ace2, Cbk1, Yrb2 and 
Kap104’s localisation were also examined to try and elucidate how these proteins could 
interact and regulate cell separation in S. cerevisiae.  
 
5.4.1 Novel Mutations Affecting Tagged Strains? 
Due to the nature of how the tagged strains were constructed, all the constructed strains bar 
the CBK1-GFP strain led to a disruption in the gene upstream of the tagged gene, see 
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Figures V-XV, Appendix I. In the case of CTS1-GFP, an entire gene was removed by the 
insertion of a GFP-tag. The putative gene, YLR285C-A, that encodes a putative protein of 
unknown function and part of the gene upstream of YLR285C-A, NNT1, involved in rDNA 
silencing and lifespan determination was removed from CTS1-GFP by the insertion of a 
GFP-tag. It is not known how the deletion of YLR285C-A will have affected the cells, but no 
phenotypes have been observed for CTS1-GFP, nor do these cells have a cell separation 
defect. CTS1-GFP appears to grow like the parental control in YPD and selective media, and 
cells appear similar to the parental control when observed under the microscope.  
Insertion of a fusion-tag to Ace2 led to the disruption of the C terminal end of Zrt2, a low 
affinity zinc transporter of the plasma membrane, see Figure VII, Appendix I. This disruption 
is likely to affect transportation of zinc within the cells, but it is unlikely to have a huge affect 
in cells unless the cells are subjected to stress in an environment with low levels of zinc. 
Furthermore, there should be several zinc transporters within S. cerevisiae as part of a 
compensatory pathway.  
Creation of Sdm1-tagged strains led to a disruption of nearly the entire length of Met28, a 
transcription factor that regulates sulphur metabolism. This mutation is unlikely to have an 
effect on cells unless the cells are stressed and a lack of sulphur is present within the 
environment. Similarly, creation of YRB2-GFP led to the disruption of nearly the entire length 
of Yil064w, an uncharacterised protein believed to be a member of the S-
adenosylmethionine-dependent methyltransferase of the seven beta-strand family, while 
creation of KAP104-GFP led to the disruption of the C terminal of Ybr016w, an 
uncharacterised protein, see Figures V – XV, Appendix I.  
How these disruptions affect the function of these strains is unknown, but preliminary 
analysis indicate that all the strains grew as the parental strain in both YPD and selective 
media, except for YRB2-GFP which grew slightly slower in liquid culture. This slow growth 
may be a result of the disruption of YIL064W. Localisation studies of Ace2-GFP, Cbk1-GFP, 
Kap104-GFP and Yrb2-GFP show that they are localised in cells as previously reported by 
others. In addition, no new phenotypes have been observed for these cells, suggesting that 
the newly introduced mutations had very little effect on “normal” growth of the cells. It is likely 
that phenotypes will only be observed with these strains under specific growth conditions; for 
example, ACE2-GFP is likely to suffer severe growth defects when grown on media lacking 
zinc since it contains a disruption in its low affinity zinc transporter. To confirm that all the 
observations seen are not due to creation of new mutations within the strains a 
comprehensive large scale phenotypic screen should be undertaken. To be 100% certain 
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that these mutations did not affect the cells, they should ideally be re-made and the 
localisation of the proteins within the cell re-observed.  
 
5.4.2 Does Ace2 Interact with Kap104 in the Nucleus? 
The present study confirmed previous reports that Ace2 localises to the daughter cell 
nucleus (Colman-Lerner et al. 2001; Kurischko et al. 2005; Sbia et al. 2008), see Figure 5.1. 
However, our studies showed that Ace2-GFP was also seen to localise to both mother and 
daughter cell nuclei, see Figure 5.1. It is hypothesised that towards the end of mitosis, Ace2 
is imported to both mother and daughter cell nuclei, but in the mother cell nucleus, Ace2 is 
exported from the nucleus by Crm1 (Dohrmann et al. 1996; Weiss et al. 2002; Sbia et al. 
2008). Furthermore, Mazanka et al., 2008, have recently shown that Cbk1 directly regulates 
Ace2’s localisation to the daughter cell nucleus by phosphorylating Ace2, so blocking Ace2’s 
NES signal from interacting with Crm1 and thus from being exported from the daughter cell 
nucleus (Mazanka et al. 2008). In addition, Mazanka et al., 2008, showed that Cbk1 was 
restricted to the daughter cell nucleus thereby allowing Ace2 to be exported from the mother 
cell nucleus via Crm1 (Mazanka et al. 2008). Our current findings are in support of this. 
Ace2 was shown not to co-localise with Cbk1 during the cell cycle, and in contrast to 
previous reports, Cbk1 was not observed to be localised to the daughter cell nucleus at any 
point during the cell cycle (Colman-Lerner et al. 2001; Mazanka et al. 2008). Since Ace2 has 
been shown to interact with Cbk1 via a yeast-2-hybrid assay in this study, see Chapter 4, 
and by others (Ito et al. 2001), it was surprising to note that Ace2 did not appear to localise 
with Cbk1 during the cell cycle. Further experiments involving observation of localisation of 
Cbk1 and Ace2 of a synchronised culture should be undertaken to confirm the result. It may 
be worth following the expression levels of Ace2 and Cbk1 via a synchronised cell culture 
through the cell cycle as Cbk1 is believed to activate Ace2 and it will be interesting to see 
whether a rise in Cbk1 levels are seen prior to seeing a rise in Ace2 levels within the cell. 
Furthermore, Sbia et al., 2008, have proposed that Cbk1 prevents Ace2’s exit from daughter 
cell nuclei during cell separation by phosphorylating a region on Ace2 masking the nuclear 
export signal on Ace2 (Sbia et al. 2008), and this has recently been shown by Mazanka et 
al., 2008, who also showed that Cbk1 specifically localised to the daughter cell nucleus 
(Mazanka et al. 2008). It is possible that Cbk1 is only present in the nucleus for a very short 
time, which was why it could not be observed in the present study.  
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Our current study indicates that Ace2 and Kap104 both localise to the nucleus around the 
same time, and this supports yeast-2-hybrid data shown in Chapter 4 that Ace2 and Kap104 
interact, see Figure 5.5. Hahn et al., 2008, have recently shown that Swi5, a transcriptional 
factor that shares a conserved NLS domain with Ace2, is imported into the nucleus by the 
Impα/Impβ complex (Hahn et al. 2008). It is highly likely that Ace2 is also imported into the 
nucleus via this route. Since Kap104 was only observed to be localised within the nucleus of 
the cells, see Figures 5.2 and 5.5, it is likely that Kap104 performs its functions within the 
nucleus only. Perhaps, Kap104 receives the import of proteins, from the cytoplasm, from the 
Impα/Impβ and regulates the dissociation of the import complex and release of the proteins 
into the nucleus. It will be interesting to see whether Kap104 interacts with the Impα/Impβ 
complex components in a yeast-2-hybrid screen, and if it is indeed localised solely to the 
nucleus of the cell. It must be noted that the co-localisation observed between Ace2 and 
Kap104 may just be a coincidence, although the yeast-2-hybrid data would argue against 
this, see Chapter 4. Ace2 is known to localise to the nucleus, and since Kap104 is known to 
play a role in nuclear import it is not surprising to find that Kap104 is localised to the nucleus. 
The co-localisation data therefore only shows that Ace2 and Kap104 are present in the 
nucleus at the same time; it does not mean that they interact with each other in the nucleus. 
Co-immunoprecipitation experiments should be performed with Ace2 and Kap104 to confirm 
a physical interaction between them.  
 
5.4.3 Is Sdm1 Expressed at Low Levels During the Cell Cycle?  
In the current study, Sdm1-GFP was not observed in cells, see Figure 5.4. Northern analysis 
of SDM1-GFP revealed that SDM1-GFP was expressed in cells, see Figure 5.3. There are 
several possibilities as to why Sdm1-GFP could not be observed in the current study. One 
possibility is that Sdm1 exists at low levels within the cell, and this may be why Sdm1’s 
expression was observed via northern analysis but not by fluorescent microscopy (a lot of 
protein is required for a GFP signal to be seen by fluorescent microscopy than RNA is 
required by northern analysis; even minute RNA expression can be detected by northern 
analysis). This can be confirmed by synchronised cell culture studies examining the levels of 
Sdm1 present throughout the cell cycle either by FACS (Fluorescent activated cell sorting) 
analysis or RT-PCR (Real time-PCR). Another possibility is that Sdm1 may be rapidly 
degraded within the cell after its production to prevent over-activation of regulatory 
pathways, unless it is stabilised by an interacting partner. If this was true, it would be 
extremely difficult to observe Sdm1 in these cells unless it can be stabilised with an 
interacting partner. Finally, Sdm1 is an extremely small protein (28 kDa in size), and GFP 
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itself is 20 kDa; it is highly possible that the GFP-tag is too large and Sdm1 cannot fold into a 
stable, functional protein in these cells. The latter is a less likely option since a cell 
separation defect was not observed in SDM1-GFP cells, indicating that a functional Sdm1 
was present since sdm1 cells have a cell separation defect, see Chapter 3. 
 
Interestingly, a fairly moderate Sdm1-REDSTAR2 signal was observed in some cells in the 
CBK1-GFP, SDM1-REDSTAR2 strain, see Figure 5.4. The Sdm1-REDSTAR2 appeared to 
be highly concentrated in the mother cell cytoplasm and near the bud neck from the mother 
cell side. Taken together with Mazanka et al., 2008, findings that Cbk1 is specifically 
segregated to the daughter cell cytoplasm and nucleus, thereby regulating Ace2’s 
localisation (Mazanka et al. 2008), it is possible that Sdm1 may be involved in the regulation 
of Cbk1 localisation and preventing its localisation to the mother cell cytoplasm and nucleus. 
However, if that was true, in sdm1 cells, Cbk1 would localise to both mother and daughter 
cell nuclei and prevent Ace2’s exit from both the mother and daughter cell, but should still 
lead to the activation of genes required for cell separation, thus a cell separation defect 
would not be seen in sdm1 cells. Further experimentation will need to be carried out to 
investigate whether the Sdm1-REDSTAR2 localisation seen is a true result as Kaufmann, 
2009, has recently reported that REDSTAR2 can form dimers with itself and cause a 
fluorescent signal to be seen when there is no signal (Kaufmann 2009), and the function of 
Sdm1 in the cell if it localises to these places within the cell.  
 
5.4.4 Is Ace2 Mislocalised in sdm1 Cells? 
Ace2 plays a central role in cell separation. A deletion of ACE2 causes an immediate defect 
in cell separation and an obvious clumpy phenotype. For cell separation to occur, Ace2 must 
be localised to the daughter cell nucleus for activation of daughter specific genes required 
for cell separation (Colman-Lerner et al. 2001; Weiss et al. 2002; Kurischko et al. 2005). 
sdm1 cells have a cell separation defect, see Chapter 3, and Sdm1 interacts with the RAM 
network proteins, Cbk1 and Mob2, that regulate Ace2, as well as Ace2 in a yeast-2-hybrid 
assay, see Chapter 4. It is speculated that Sdm1 may play a role in regulating the function of 
Ace2, the localisation of Ace2 in sdm1 cells were therefore examined.  
Preliminary data indicates that in sdm1 cells, Ace2 is found localised to the daughter cell 
nuclei as normal (Colman-Lerner et al. 2001; Kurischko et al. 2005), however, the 
localisation of Ace2 appeared to be more diffuse in sdm1 cells and did not appear to be 
solely highly concentrated to the daughter nuclei, see Figure 5.6. The Ace2 –GFP appeared 
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to be diffusely around the daughter nuclei suggesting that Ace2-GFP may also be in the 
cytoplasm of daughter cells, in addition, Ace2-GFP appeared to be localised diffusely to the 
mother cell cytoplasm in some sdm1 cells, see Figure 5.6. Ace2’s mis-localisation to the 
cytoplasm suggests that either Ace2 fails to enter the daughter cell nucleus or that Ace2 can 
enter the daughter cell nucleus but is exported out of the daughter cell nucleus instead of 
remaining within the nucleus to carry out its function. Since Ace2 was observed to be 
present in the daughter cell nucleus in our screen, it is likely that the Ace2 is exported out of 
the nucleus in sdm1 cells prior to Ace2 completing its function.  
Sbia et al., 2008, have shown that Ace2 is prevented from exiting the daughter cell nucleus if 
there is a mutation within their NES domain, and have proposed that phosphorylation of 
Ace2 in the daughter cell nucleus by Cbk1 masks the NES domain; thereby preventing early 
exit of Ace2 from the nucleus (Weiss et al. 2002; Sbia et al. 2008). This has been supported 
by work done by Mazanka et al., 2008, who have shown through a series of elegant 
experiments that Cbk1 not only phosphorylates the Ace2 in daughter cell nuclei so hiding the 
NES on Ace2 thus preventing export of Ace2 from the daughter cell nuclei via Crm1, but also 
that further phosphorylation of Ace2 by Cbk1 enables the Ace2 to become more 
transcriptionally activate (Mazanka et al. 2008). Furthermore, Mazanka et al., 2008, showed 
that Cbk1 was specifically localised to the daughter side only, thus explaining why Ace2 
could enter both mother and daughter cell nuclei, but was only retained in the daughter cell 
nuclei (Mazanka et al. 2008). Sdm1’s apparent interaction with Cbk1 (as shown by the 
yeast-2-hybrid screen, Chapter 4), and possible localisation to the mother side only, see 
Figure 5.4, may therefore be the signal that restricts Cbk1 to the daughter side, so enabling 
Cbk1 to phosphorylate Ace2 within the daughter cell nucleus and preventing early exit of 
Ace2 in these cells.  
Alternatively, it is possible that Sdm1 may be involved in the regulation of Cbk1 localisation 
into the daughter nuclei. The Sdm1-REDSTAR2 localisation data could be an artefact of the 
experiment since Kaufman, 2009, has reported recently that REDSTAR2 can form dimers 
and cause artefacts in localisation studies (Kaufmann 2009). Furthermore, Sdm1-GFP was 
not seen in the current study indicating that Sdm1 may be expressed at specific points 
during the cell cycle or lowly expressed in the cell, and questions the validity of the Sdm1-
REDSTAR2 signal seen. If Sdm1 was involved in the regulation of Cbk1 entry into the 
nucleus, the cell separation defect seen in sdm1 cells could be explained by the inability of 
the Ace2 to remain in the nucleus and activate transcription of daughter-specific genes for 
cell separation. In addition, even if a high concentration of Ace2 was present in the nucleus, 
activation of daughter specific genes for cell separation may still not occur as Mazanka et al., 
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2008, have also shown that Cbk1 phosphorylation of Ace2 makes Ace2 more 
transcriptionally activated (Mazanka et al. 2008); they showed that mutation of all 3 
phosphorylation sites of Ace2 (ace2-S122A/S137A/S436A) led to a mislocalisation of Ace2 
to both mother and daughter cell nuclei and that it severly impaired Ace2’s ability to bind to 
its target promoters (Mazanka et al. 2008). 
Further work needs to be done to confirm that Ace2 is being mis-localised to the cytoplasm 
in these cells. A synchronised cell culture should be used to ensure that the majority of the 
cells are at the same stage within the cell cycle, so that similar-sized mother and daughter 
cells can be examined and calculated for whether the Ace2 mis-localisation seen in sdm1 
cells is of statistical relevance or not. (Analyses carried out after the submission of this thesis 
of Ace2 mislocalisation counting data in sdm1 cells revealed that the proportion of Ace2 
mislocalised in sdm1 cells was of significant difference when compared to wild-type cells 
from three independent lab counts each examining approximately a 100 cells – data not 
shown (Minuzzi et al., unpublished.) 
In contrast to data presented in Chapter 3, a large majority of the CTS1-GFP sdm1 cells did 
not appear to have a cell separation defect. The insertion of the GFP-tag to CTS1 resulted in 
the removal of a putative gene, YLR285C-A. YLR285C-A is uncharacterised, thus the affect 
on cells is unknown, although the CTS1-GFP strain grew as the parental strain and showed 
no observable phenotypes; the sdm1 cell separation defect could therefore have been 
rescued by the deletion of YLR285C-A. The CTS1-GFP sdm1 strain needs to be re-made 
without removal of YLR285C-A to see if the sdm1 cell separation defect phenotype is 
maintained, this will also indicate whether the removal of YLR285C-A did indeed rescue the 
cell separation defective phenotype.  
The contradictory data surrounding sdm1’s phenotype in the current study needs to be 
consolidated. In Chapter 3, evidence was provided that sdm1 cells have a mild separation 
defect in comparison to ace2 cells, yet both ACE2-GFP, sdm1 and CTS1-GFP, sdm1 cells 
do not appear to have an apparent cell separation defect, see Figure 5.6. It has been shown 
that the cell separation defect seen in sdm1 cells is mild in comparison to the defect seen in 
ace2 and ram mutants; the majority of sdm1 cells are grouped in groups of three or four 
cells, see Figure 3.5. It is possible that there is a cell separation defect in these strains that is 
not apparent unless a quantitative cell count comparing the number of cells in groups of 
three or more to the number of single cells and those cells in groups of two is carried out.  
In addition, Nui et al., 2008, showed that overexpression of SDM1 led to a delay in cell cycle 
progression at G2 suggesting that Sdm1 may be a negative regulator of cell cycle 
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progression. Futhermore, Laabs et al., 2003, showed that Ace2 is required for daughter-cell 
specific G1 delay in S. cerevisiae (Laabs et al. 2003), and DiTalia et al., 2009, have recently 
shown that this is due to the repression of Cln3 expression, the cyclin required for 
progression through G1 to S, by Ace2 (Di Talia et al. 2009). If Sdm1 is a negative regulator 
of cell cycle progression, then Sdm1’s mild separation defect and absence of a cell 
separation defect in certain sdm1 strains could be explained. In this hypothesis, Sdm1 would 
act as a negative regulator of the G2/M checkpoint and prevent cell cycle progression to 
mitosis if present at high levels, perhaps by inhibiting Clb2 which is required for cells to enter 
mitosis (Simon et al. 2001). Sdm1 may also partially function to regulate the tight localisation 
of Ace2 to daughter cells only, by regulating the localisation of Cbk1 within the cell as Cbk1 
is required for Ace2 localisation in daughter cell nuclei (Mazanka et al. 2008; Sbia et al. 
2008). However, in Sdm1’s absence, the cells progress faster through the G2/M checkpoint, 
and the regulation of Ace2 localisation in cells is less tightly controlled leading to a smaller 
pool of Ace2 being present in the daughter cell nuclei. Since CTS1 levels are similar to wild-
type levels in sdm1 cells, and Cts1-GFP appeared to localise to the bud neck in sdm1 cells, 
see Figure 5.7 and 5.8, the levels of Ace2 present in the daughter cell nuclei is sufficient to 
activate the expression of genes required for cell separation. However, the levels of Ace2 
present in the daughter cell nuclei may not be sufficient to inhibit the expression of CLN3, 
thus these cells continue to progress through G1 and enter the next round of the cell cycle 
before the original daughter cell has fully separated from the mother cell after cytokinesis. 
This would account for the mild cell separation defect observed in sdm1 cells despite the 
apparent mislocalisation of Ace2 in sdm1 cells even though the Cts1 levels in these cells are 
similar to wild-type levels, and is being correctly localised to the bud neck, see Figures 5.6-
5.8. Further experiments will need to be performed to examine the above hypothesis, such 
as examining the rate of cell cycle progression in mother cells compared to daughter cells in 
synchronised cultures, whether Cbk1 is mislocalised in sdm1 cells, and the cyclin levels in 
sdm1 cells compared to wild-type cells in a synchronised culture.  
 
5.4.5 Cts1 is Not Mislocalised in ace2 and sdm1 Cells 
Deletion of ACE2 causes a cell separation defect that is overwhelmingly obvious, and this 
has been attributed to the lack of daughter specific gene expression of enzymes required for 
the degradation of the septum activated by Ace2 such as CTS1, DSE2, and DSE1. The 
principle cause of cell separation in ace2 cells is attributed to the lack of CTS1 expression in 
these cells as Cts1 is believed to be the primary enzyme required to degrade the primary 
septum between mother and daughter cells.  
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Northern analysis of ace2 and sdm1 cells showed that while the level of CTS1 was similar to 
the wild-type in sdm1 cells, ace2 cells had an extremely low level of CTS1, see Figure 5.7. 
The low level CTS1 expression seen in ace2 cells is believed to be due to the activation of 
CTS1 by Swi5; studies have shown that deletion of NCE3 allows activation of CTS1 in the 
absence of Ace2 by Swi5 (Dohrmann et al. 1996), it is possible that a low residual level of 
basal expression is activated by Swi5 in the presence/absence of Ace2. However, the 
expression of CTS1 in ace2 cells is extremely low, see Figure 5.7, and it is likely that the 
level of Cts1 present in these cells are not sufficient for the degradation of the septum 
between mother and daughter cells, thereby explaining the cell separation defect seen in 
ace2 cells.  
However, this did not explain the cell separation defect observed in sdm1 cells; if the 
expression of CTS1 was similar to wild-type levels in sdm1 cells, then was the cell 
separation defect in these cells due to mislocalisation of Cts1 in these cells? However, 
similar to the wild-type, Cts1-GFP was found localised to the bud neck of sdm1 and ace2 
cells, see Figure 5.8. The mild cell separation defect seen in sdm1 cells was not due to a 
lack of CTS1 expression or mislocalisation of Cts1 in these cells.  
 
5.4.6 Do sdm1 Cells Have a Budding Pattern Defect? 
The mother and daughter cell remain attached to each other via a septum after cytokinesis 
has taken place. The primary septum is primarily composed of chitin (Yeong 2005), and an 
increased chitin content in the septum of sdm1 cells could explain the apparent cell 
separation defect seen despite observing normal expression and localisation of Cts1 in 
these cells, see Figure 5.7 and 5.8. Chitin localisation was examined in ace2 and sdm1 cells 
in order to see whether it could give us an indication of the chitin levels present in these 
cells.  
It was not possible to use calcofluor white staining as an indication of chitin levels present at 
the septum between mother and daughter cells and an alternative method will need to be 
used, such as measuring the total chitin concentration present in each cell to give us an 
indication of whether there is a higher proportion of chitin present at the septum in sdm1 
cells. TEM could also be used to measure the thickness of the septum between ace2, sdm1, 
and wild-type cells and to see whether there is a significant difference between the three 
strains.  
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Interestingly, some sdm1 cells were observed to undergo a bipolar pattern of budding which 
is usually associated with diploid cells and not with haploid cells, see Figure 5.9, and this 
was note seen in ace2 or wild-type cells. It is possible that Sdm1 plays a role in regulating 
budding pattern in cells as its expression is directly regulated by the metabolic and meiotic 
transcriptional regulator Ume6, and meiosis occurs in diploid cells (Williams et al. 2002). 
Further experiments, such as scoring the number of sdm1 cells undergoing axial or bipolar 
budding in a synchronised culture compared to wild-type cells will need to be performed to 
see whether the current observation is of statistical significance or not.  
 
5.5 Conclusion 
In conclusion, our present findings support previous work that Ace2 is localised to both 
mother and daughter cell nuclei at the end of mitosis (Sbia et al. 2008), as Ace2-GFP was 
found localised to both mother and daughter cell nuclei in the present study. Furthermore, 
Ace2-REDSTAR2 was observed to co-localise with Kap104-GFP in the nucleus, whether 
this indicates an interaction between Kap104 and Ace2 remains to be confirmed.  
Furthermore, we show that CTS1 expression is normal in sdm1 cells, but severely reduced 
in ace2 cells, and this is most likely why ace2 cells have a cell separation defect. Cts1 was 
also shown not to be mislocalised in ace2 and sdm1 cells. 
Finally, we speculate that Sdm1 may be a negative regulator of G2/M cell cycle progression, 
and that the mild cell separation defect observed is due to the misregulation of cell cycle 
progression in these cells. We further postulate that Sdm1 may play a role in the regulation 
of Cbk1 localisation, thereby explaining the possible mislocalisation of Ace2 seen in some 
daughter cells of sdm1. Lastly, we speculate that Sdm1 may play a role in regulating 
budding pattern in cells explaining why some sdm1 cells appear to have a bipolar pattern of 
budding as opposed to an axial pattern.  
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Chapter 6: Structural Analysis of Sdm1 
 
6.1 Overview 
In order to understand Sdm1’s function and its interaction with Ace2, Cbk1, and Mob2 
further, a structural analysis of Sdm1 was undertaken. Sdm1, Mob2, and Cbk1 were 
expressed and purified in the yeast protein expression system, Pichia pastoris, and run 
through gel filtration assays to assess whether they co-eluted and thereby interacted with 
one another.  
Data from the gel filtration assay conflicted with previous findings both presented in this 
study – Chapter 3 – and data presented by others (Ito et al. 2001; Weiss et al. 2002; Nelson 
et al. 2003). Gel filtration assays indicated that Sdm1 did not interact with Mob2 or Cbk1, 
although Sdm1 and Mob2 are believed to interact with themselves. Sdm1 was shown to 
interact with itself previously in a yeast-2-hybrid-screen performed in this study, see Chapter 
3, but Mob2 was not shown to interact with itself during the same screen.  
 Ace2 was not expressed in this system as the constructed plasmid coding for ACE2 
expression contained a missense mutation, thus changing the structure of Ace2.  
The purified Sdm1 expressed in this system was examined by NMR by Ernesto Cota-
Segura, Division of Molecular Biosciences, Imperial College London, and its spectrum was 
found to be characteristic of a protein with a large number of different unfolded 
conformations; it is likely that in vitro Sdm1 is an unfolded protein. 
As the preliminary NMR data of Sdm1 indicated that it was an unfolded protein in vitro, it is 
speculated that Sdm1 possesses an unfolded conformation and undergoes a conformational 
change to a transient folded conformation upon interaction with a binding partner. Folded 
domains within the C terminal of Ace2, Cbk1, Mob2 and Sdm1 were identified and 
constructed based on structural predictions using PHYRE and JPRED for regions 
homologous to a known structure. These fragments and the full-length Sdm1 were 
expressed in an E. coli protein expression system. The full-length Sdm1 was found to 
express particularly well in the Rosetta-gami and Origami strains of E. coli. The C terminal 
fragment of Cbk1 could not be expressed in this system; this may be a result of its large size 
or its instability. The examined proteins may require co-expression of a binding partner to 
ensure their stability. 
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Sdm1 is speculated to be an unfolded protein within the cell, and upon interaction with an 
interacting partner undergoes a conformational change to a transient structure; thus allowing 
it to perform its function within the cell. It is further hypothesised that Sdm1 is rapidly 
recycled within the cell, and this is typical of a protein involved in cell signalling, especially 
those involved in switching the cell division cycle from one stage to the next. This 
conformational change may rely on additional factors than just the presence of a binding 
partner.  
 
6.2 Materials and Methods 
6.2.1 Protein Expression  
6.2.1.1 Protein Expression in Pichia pastoris 
6.2.1.1.1 Construction of Protein Expression Plasmids 
Protein expression plasmids were constructed by cloning the gene of interest, in frame with 
the secretion signal open reading frame, into the expression vector, pICK9K (Invitrogen) 
using the multiple cloning sites available in the vector. The oligonucleotides used to amplify 
the genes are listed in Table IX, Appendix II, and were synthesised by Sigma Genosys. The 
genes of interest were amplified by PCR using Bio-X-act Short and Bio-X-act Long DNA 
polymerase depending on whether the size of the amplified fragment was <3kb or >3kb 
respectively. All plasmids were sequenced to ensure the correct sequence was cloned. 
 
6.2.1.1.2 Pichia pastoris Transformation 
The plasmids to be transformed were linearised with PmeI and purified using the Qiagen 
PCR purification kit as per manufacturer’s instructions; see Table X, Appendix II.                 
P. pastoris cells were grown overnight at 30oC in 5 ml YPD, resuspended into 50 ml YPD, 
and allowed to grow at 30oC till OD600 = 1. Cells were spun down at 4
oC at 2,500 rpm for 5 
min, resuspended in 100 ml YPD, 20 ml 1 M Hepes, pH8, 2.5 ml 1 M DTT, and incubated at 
30oC for 15 min. Cells were transferred to ice and ddH2O was added to 500 ml, then 
centrifuged at 2,500 rpm for 5 min at 4oC. The pellet was washed with 20 ml ice cold 1 M 
sorbitol, centrifuged at 2,500 rpm for 5 min at 4oC, and resuspended in 500 µl of ice cold 1 M 
sorbitol.  
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Approximately 40 µl of cells were gently mixed with approximately1.5 µg of linearised 
plasmid and electroporated at 1500 V, 25 uFD, 600  and 1 ml ice-cold 1 M sorbitol was 
immediately added. Cells were allowed to recover for an hour at room temperature and then 
centrifuged at 2,000 rpm for 10 min before re-suspending in 500 µl 1 M sorbitol and plated 
out onto histidine drop out plates. Transformants were incubated at 30oC for 3-4 days. 
Transformants were streaked onto MD (2% (w/v) glucose, 0.004% (w/v) biotin, 0.67% (w/v) 
yeast nitrogen base without amino acids, 2% (w/v) agarose) and MM (1% (v/v) methanol, 
0.00004% (w/v) biotin, 0.67% (w/v) yeast nitrogen base without amino acids, 2% (w/v) 
agarose) media. Those transformants that grew on the MD plate, but not the MM plate were 
taken through for protein expression.   
 
6.2.1.1.3 Expression of Protein in Pichia pastoris 
A single colony was inoculated into 10 ml of BMGY (2% (w/v) glucose, 1% (w/v) yeast 
extract, 2% (w/v) bactopeptone, 0.1 M phosphate buffer, pH6, 0.00004% (w/v) biotin) and 
cultured overnight at 30oC, 200 rpm. In the morning, 2 ml of the culture was inoculated into 1 
litre of BMGY and cultured at 30oC, 200 rpm until the OD600= 4-6.  
Cells were harvested by centrifugation at 3,000 rpm, 10 min, and resuspended in 200 ml 
BMMY (1% (v/v) methanol, 1% (w/v) yeast extract, 2% (w/v) bactopeptone, 0.1 M phosphate 
buffer, pH6, 0.00004% (w/v) biotin) and cultured at 30oC, 200 rpm for 4 days. Approximately 
200 µl 100 % methanol was added to the culture every 24 hours, and 100 µl samples were 
taken from the culture every 24 hours. 
After 4 days, cells were harvested by centrifugation at 4,200 rpm for 10 min. The 
supernatant was taken forward for protein purification. 
 
6.2.1.1.4 Protein Purification 
The protein samples (supernatant from the protein expression) were precipitated with 80% 
(w/v) ammonium sulphate. After the samples were precipitated for 2 - 3 hours at room 
temperature on a stirrer, the samples were centrifuged at 10,000 rpm for 30 min. The protein 
pellets were resuspended in 5 ml PBS (137 mM NaCl, 1.47 mM KH2PO4, 2.68 mM KCl, 8.1 
mM Na2HPO4.12H2O) and one protease inhibitor tablet without EDTA (Roche), before been 
dialysed in 50 mM Na2PO4, pH6.5, 50 mM NaCl at 4
oC for 4 hours before the buffer was 
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changed for fresh and left to dialyse overnight at 4oC (dialysis tubing used has a 8000 
molecular weight cut off – 1.91 ml/ cm volume). 
The dialysed samples were collected and spun in an Amicon ultracel concentrator with a 
10kDa cut off membrane (Millipore). The purified protein sample was run through an Akta 
FPLC (GE Healthcare) at a flow rate of 1 ml/min, and the fractions collected.  
 
6.2.1.1.5 Protein Structural Analysis 
Purified protein samples were given to Ernesto Cota-Seguro, Division of Molecular 
Biosciences, Imperial College London, for spectral NMR analysis. A combination of purified 
proteins were run through an Akta FPLC (GE Healthcare) at a flow rate of 0.5 ml/ min for 20 
min to see if these samples would elute at the same peak in a gel filtration assay. Samples 
examined under gel filtration were: Cbk1, Mob2, Sdm1 and a g ratio of 1:1 of Cbk1 and 
Mob2, Cbk1 and Sdm1, and Mob2 and Sdm1.  
 
6.2.1.2 Protein Expression in E. coli 
6.2.1.2.1 Construction of Protein Expression Plasmids 
Protein expression plasmids were constructed by cloning the fragment of interest, in frame, 
into the expression vector pET32 Xa/Lic following manufacturer’s instructions (Novagen). 
The oligonucleotides used to amplify the region of interest are listed in Table IX, Appendix II, 
and were synthesised by Sigma Genosys. The fragments of interest were amplified using 
Platinum Hi-fi Taq polymerase from Invitrogen. All plasmids were sequenced to ensure the 
correct fragment was cloned. The regions of Ace2, Cbk1, Mob2 and Sdm1 amplified are 
shown in Figures I-IV, Appendix I. 
 
6.2.1.2.2 Expression of Proteins 
Cells were cultured overnight at 37oC, 180 rpm in 5 ml LB with the appropriate antibiotics, 
see Table 6.1. In the morning, cells were harvested at 3,000 rpm, 5 min, and re-suspended 
in 20 ml LB, 1 mM IPTG and induced for either 3 or 9 hours.  
Proteins were extracted by the addition of 50 µl BPER (Bacterial Protein Extraction Reagent 
from Pierce), or 50 µl 8 M urea, and vortexing for a minute. Samples were centrifuged for a 
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minute at 13, 000 rpm and the pellet discarded. The supernatant was run out on a 12.5% 
SDS PAGE gel and analysed.  
 
Table 6.1: Culturing conditions of E. coli strains 
Strain type Antibiotics 
  
Origami 12 µg/ml tetracycline, 25 µg/ml kanamycin, 50 
µg/ml carbencillin 
Rosetta 20 µg/ml chloramphenicol, 50 µg/ml carbencillin 
Rosetta-gami 12 µg/ml tetracycline, 25 µg/ml kanamycin, 20 
µg/ml chloramphenicol, 50 µg/ml carbencillin 
C41 50 µg/ml carbencillin (Miroux et al. 1996) 
 
6.3 Results 
6.3.1 Structural Analysis of Sdm1  
To understand Sdm1’s function and role, analysis of Sdm1’s structure was undertaken 
because structural data on Sdm1 would aid in understanding its role within the cell. The P. 
pastoris protein expression system was used to express Sdm1, and the purified Sdm1 was 
analysed by NMR, see Figure 6.1. Interestingly, an additional protein band was seen in the 
purified Sdm1 sample between 47kDa and 70kDa, see Figure 6.1. Sdm1 is 28.9kDa, the 
second protein band seen in the purified samples is speculated to be a dimer of Sdm1 
(57.6kDa), however, this will need to be confirmed by excising the band and analysing it by 
mass spectrometry.  
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Figure 6.1:Sdm1, Cbk1 and Mob2 were expressed by P. pastorsis, and purified by 80% (w/v) 
ammonium sulphate precipitation, dialysed overnight, concentrated, and run through an Akta FPLC at 
a flow rate of 1 ml/min, before the fractions containing the proteins were collected for NMR and gel 
filtration analysis. Sdm1 is 28.9kDa, and a second stronger protein band was also observed between 
47-70kDa, this band is believed to be an Sdm1 dimer. Cbk1 is 86.9kDa, and several smaller protein 
bands were seen in the fractions after purification; despite undergoing several purification steps, 
these bands could not be removed from the collected fractions. Mob2 is 33.3kDa, but was only ever 
observed as a protein band around 70kDa. This band is believed to be the Mob2 dimer.  
 
 
Preliminary NMR analysis of Sdm1 indicates that Sdm1 on its own appears to be a largely 
unfolded protein, see Figure 6.2. In a proton (1H) NMR spectra, each folded protein displays 
a characteristic dispersion of resonances, a “fingerprint” that is inherent to its amino acid 
sequence. However, the spectrum of Sdm1 shows no such dispersion, and the broadening 
of lines is characteristic of several different unfolded conformations. In particular, a large 
broad peak at ~1ppm usually indicates a large fraction of unstructured methyls and 
methylenes of either an unfolded or aggregated protein.  
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Figure 6.2: Proton (
1
H) NMR spectrum of Sdm1. Sdm1 appears to be a largely unfolded protein. 
Sdm1 shows no dispersion of resonances, and the broadening of lines is characteristic of several 
different unfolded conformations. The broad peak around 1 ppm usually indicates a large fraction of 
unfolded or aggregated protein.  
 
  
The NMR analysis of the purified Sdm1 expressed by P. pastoris revealed an unfolded 
protein structure; gel filtration assays were performed on the purified samples of Sdm1, 
Cbk1 and Mob2, see Figure 6.1, to examine whether interactions could be seen between 
these proteins and provide additional evidence for the results of the yeast-2-hybrid data. Gel 
filtration separates proteins based on their size; the larger the size of the protein, the faster it 
will be eluted from the chromatography column. If two proteins interact with each other, a 
shift in the peak of the chromatogram to the left will be observed as the size of the eluted 
complex is larger than the single proteins on their own.  
Preliminary data from the gel filtration assays suggests that none of the proteins interact with 
each other. Cbk1 elutes around a flow of 10.93 - 17.12 ml, peaking at around 13.28 ml, 
Mob2 elutes around a flow rate of 11.31 – 17.58 ml, peaking at around 14.52 ml, and Sdm1 
elutes around a flow rate of 8.01 – 17.49 ml, peaking at around 12.60 ml, see Figures 6.3A, 
B and C respectively, figures of the actual flow rate against absorbance are not shown. 
When Cbk1 is mixed with Mob2, the sample was found to elute around a flow rate of 10.61 – 
20.85 ml, peaking at around 13.84 ml, while a sample of Cbk1 mixed with Sdm1 was found 
to elute around a flow rate of 8.18 – 18.25 ml, peaking around 13.07 ml, see Figures 6.3D, 6. 
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4C and 6.3E, 6.4A respectively. The elution flow of Cbk1-Mob2 and Cbk1-Sdm1 are around 
the same as the individual elution flow rates for Cbk1, Mob2 and Sdm1; no shift in the peak 
of the chromatogram to the left is observed for either a combination of Cbk1-Mob2 or Cbk1-
Sdm1 indicating that the size of the proteins remain the same and that these proteins do not 
interact with each other to form a complex, see Figures 6.4A and C. Similarly, when Mob2 
was mixed with Sdm1, the sample was found to elute around a flow rate of 8.12 – 17.94 ml, 
peaking at around 12.86 ml; no shift in the peak to the left was observed for the 
chromatogram indicating that these proteins did not interact with each other to form a 
complex, see Figures 6.3F and 6.4B.  
The increased absorbances seen for the mixed samples; Cbk1-Mob2, Cbk1-Sdm1, and 
Mob2-Sdm1 compared to their absorbances on their own is due to both proteins eluting 
around the same time hence increasing the absorbance seen at that point, see Figure 6.4. 
One interesting observation was that Cbk1, Mob2 and Sdm1 eluted around the same point, 
see Figure 6.4. This would indicate that their sizes are around the same; however, from SGD 
the protein sizes of Sdm1 (28.9 kDa) and Mob2 (33.3 kDa) are considerably smaller than 
Cbk1 (86.9 kDa), indicating that Sdm1 and Mob2 should show an elution peak shifted to the 
right of what it is at present, see Figure 6.4. As the Sdm1 and Mob2 chromatographs 
indicate a larger sized molecule, it is likely that the peaks observed are not the monomer 
forms of Mob2 and Sdm1 and may be their dimer/ trimer forms, since gel filtration does not 
give us an indication of size unless a standard is applied and there is no indication of 
whether the Cbk1 seen is in its monomer form, the number of Sdm1 and Mob2 interacting 
with itself is not known. Further support for this postulation comes from the SDS-PAGE gel 
protein profiles of the purified samples of Sdm1, Cbk1 and Mob2 where additional protein 
bands were observed in each of the samples, see Figure 6.1. Based on the sizes of the 
protein bands observed, it is speculated that these bands are the dimer forms of the 
proteins; however, mass spectrometry analysis will need to be performed to confirm this. 
 
 
 
 
 
 
 
 
 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 6– Structural Analysis of Sdm1 
 
209 
 
Figure 6.3: Chromatograms of the gel filtration assays: Cbk1 (A), Mob2 (B), Sdm1 (C), Cbk1 and 
Mob2 in a 1:1 ratio (D), Cbk1 and Sdm1 in a 1:1 ratio (E), Mob2 and Sdm1 in a 1:1 ratio (F). Samples 
were run through an Akta FPLC, GE Healthcare, at a flow rate of 0.5 ml/min for 20 min.  
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Figure 6.4: Overlaid chromatograms of the gel filtration assays. Cbk1 and Sdm1 (A), Mob2 and 
Sdm1 (B), and Cbk1 and Mob2 (C) do not interact with each other. Samples were run through an 
Akta FPLC, GE Healthcare, at a flow rate of 0.5 ml/min for 20 min.  
 
 
 
6.3.2 Expression of Ace2, Cbk1, Mob2 and Sdm1 in E. coli 
Elucidation of Sdm1’s structure using the P. pastoris expression system did not reveal the 
structure of Sdm1 and an alternative approach was examined using the E. coli .protein 
expression system in association with bioinformatical analysis.  
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6.3.2.1 Structural Predictions for Ace2, Cbk1, Mob2 and Sdm1 
The polypeptide sequences of Sdm1, Ace2, Cbk1 and Mob2 were examined for stable, 
folded domains as these can be suitable templates for protein-protein interaction studies to 
complement the binding data from yeast-two-hybrid experiments. The Protein 
homology/analogy recognition engine (PHYRE) web server, Bioinformatics Group, Imperial 
College London, and the JPRED server, Barton Group, University of Dundee for secondary 
structural predictions were used to analyse Ace2, Cbk1, Mob2 and Sdm1 for folded domains 
(Cuff et al. 1998; Kelley et al. 2000; Bennett-Lovsey et al. 2008). PHYRE predicts folded 
domains based on the alignments of sequences to known structures in the database, while 
JPRED utilises the Jnet algorithm to make accurate secondary structure predictions, as well 
as making predictions on solvent accessibility and coiled-coil regions using the Lupas 
method (Cuff et al. 1998; Kelley et al. 2000; Bennett-Lovsey et al. 2008). Results of the 
structural predictions are listed in Table 6.2. 
From the PHYRE and JPRED predictions, Ace2 is predicted to contain a domain/fold that is 
normally associated with transcription/ DNA binding, and this is expected as Ace2 is a 
transcription factor that regulates the M/G1 genes (Simon et al. 2001; Wittenberg et al. 2005; 
Niu et al. 2008); Ace2 is also predicted to contain a Zinc finger domain and it is known that 
Ace2 contains a Zinc finger domain, see Table 6.2 (Dohrmann et al. 1996; McBride et al. 
1999).  
Cbk1 was found to have a region, consisting of 400 amino acids, that was predicted to be 
homologous to the human protein kinase, Rock1. Unsurprisingly, considering Cbk1 is a 
protein kinase, the PHYRE and JPRED analysis predict that Cbk1 contains domains that are 
homologous to various protein kinase domains, indicating that Cbk1 is likely to be involved in 
protein kinase activity, see Table 6.2 (Racki et al. 2000; Weiss et al. 2002; Nelson et al. 
2003).  
Mob2 was predicted to have regions that are homologous to the MEN protein Mob1, a 
member of the Mob family of which both Mob1 and Mob2 are both a part of it, it is therefore 
unsurprising that Mob2 is predicted to have domains that are homologous to Mob1(Racki et 
al. 2000; Weiss et al. 2002; Nelson et al. 2003). Mob2 is also speculated to play a role in 
DNA binding/ regulation, which would be in line with Mob1’s function in activating Cdc14 to 
enable MEN exit, see Table 6.2.  
Finally, structural predictions for Sdm1 were extremely low, the percentage of estimated 
precision for each prediction was extremely low, and the E-values for the predictions were 
extremely high; for example the highest estimate precision for the predictions for Sdm1 were 
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around 5% with the lowest E-value of 29, this is in comparison to Ace2 with the highest 
estimate precision for a prediction being a 100% and the lowest E-value of 6e-20, see Table 
6.2. The PHYRE and JPRED servers calculate E-values based on how often a given E-value 
is assigned to a true or false homology; the lower the E-value, the higher the probability that 
the homology is true.   
Table 6.2: Predicted secondary structure and domains for Ace2, Cbk1, Mob2, and Sdm1 after 
analysis by the PHYRE and JPRED servers (Cuff et al. 1998; Kelley et al. 2000; Bennett-Lovsey et al. 
2008). E-values are calculated to see how often a given E-value is assigned to a true or false 
homology; the lower the E-value, the higher the probability that the homology is true.   
 
Protein Predicted fold/ domain 
homology 
Description of 
fold/domain 
E-value Estimated 
Precision 
(%) 
     
Ace2 The B-chain of Aart DNA binding protein/DNA 3.9e-34 100 
 The D-chain of the xenopus tfiiia 
zinc finger domain2 
Transcription/DNA 6.3e-29 100 
 The A chain of murine gli-
kruppel family member hkr3 
Transcription 1.23-24 100 
 The A chain of the human Zinc 
finger protein 297b 
Transcription 7.1e-24 100 
 The A chain of the Wilms tumor 
suppressor protein 1 
Transcription/ DNA 8.6e-24 100 
 The C chain of the human YY1 
zinc finger domain 
Transcription/DNA 3.3e-23 100 
 The A chain of the five-finger Gli 
protein 
Transcription/ DNA 3.4e-23 100 
 The A chain of the mouse2 
protein odd skipped related 2 
Gene regulation 4.7e-23 100 
 The A chain of the Zinc finger 
protein 64, isoforms 1 and 2 
Transcription 5.8e-22 100 
 The A chain of the Zinc finger 
containing protein 1 
Transcription 6e-20 100 
     
Cbk1 The A chain of the human Rho-
associated protein kinase 1 
Transferase 0 100 
 The A chain of the human 
myotonic dystrophy protein 
kinase complex 
Transerase 0 100 
 Protein-kinase like Protein-kinase like 0 100 
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 The A chain of Protein kinase C Transferase 0 100 
     
Mob2 Mob1/phocein Bromodomain-like 1.5e-31 100 
 The A chain of S. cerevisiae 
Mob1 
Cell cycle 3.29e-29 100 
 The A chain of Bacillus subtilis 
Yute2 
Unknown function 9.2 25 
 “Helical backbone” metal 
receptor 
Chelatase-like 20 10 
 “Winged helix” DNA-binding 
domain 
DNA/RNA binding 3-
helical bundling 
24 5 
 The B chain of the putative 
transcriptional 2 regulatory 
protein of Mycobacterium 
tuberculosis 
DNA binding protein 28 5 
 Lambda integrase-like DNA breaking-rejoining 
enzyme 
35 5 
 Ypt/Rab domain of Gyp1 Left-handed superhelix 43 0 
 Respiratory nitrase reductase 1 
gamma chain 
Heme-binding four-helical 
bundle 
46 0 
     
Sdm1 P-loop containing nucleoside 
triphosphate hydrolases of a 
RecA protein-like. 
P-loop containing 
nucleoside triphosphate 
hydrolases 
29 5 
 The A chain of Chloroplast f1-
atpase from spinach 
Hydrolase 33 5 
 The C chain of f1-atpase from 
the 2 thermoalkaliphilic 
bacterium bacillus sp. ta2a1 
Hydrolase 34 5 
 The A chain of the Atp synthase 
subunit from Thermotoga 
maritima 
Hydrolase 44 0 
 Avirulence protein AvrPto Immunoglobulin/albumin- 
binding domain-like 
46 0 
 The T chain of the yeast 
mitochondrial f1-atpase 
Hydrolase 51 0 
 The A chain of the plant 
immunity by2 bacterial effector 
protein, Avrpto 
Transferase 67 0 
 Cyclin-like Cyclin-like 73 0 
Continued from the previous page. 
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It is unlikely that the structural predictions for Sdm1 are accurate given the high E-values 
and low percentage of estimated precision for each prediction, but indications are that Sdm1 
may be a hydrolase since the majority of the predictions indicate that Sdm1 has regions 
similar to those found in hydrolases, enzymes that catalyse the hydrolysis of a chemical 
bond. 
 
6.3.2.2 Protein Expression of Ace2, Cbk1, Mob2 and Sdm1 in E. coli 
Regions predicted to have a homolog of a known structure by the PHYRE web server and 
the JPRED web server from the C terminal regions of Ace, Cbk1, Mob2, and Sdm1, and the 
full-length Sdm1 were cloned into the protein expression vector pET32 (Novagen) and 
expressed in a range of E. coli strains to optimise protein expression for NMR studies, see 
Figures I-IV, Appendix I.   
The initial protein expression data indicates that expression of each protein will need to be 
optimised individually. The full-length Sdm1 appears to be expressed well in E. coli Origami 
and Rosetta-gami strains after 3 hours of induction by IPTG, although it was not expressed 
in C41 or Rosetta strains, see Figure 6.5. In addition, the full-length Sdm1 only appeared in 
the protein lysates that were treated with 8 M urea and not those treated with BPER.  
The C terminal regions of Ace2, Mob2 and Sdm1 are most likely being expressed under the 
tested conditions, especially in the Rosetta-gami and the Origami strains; however, because 
of the high background, it is difficult to differentiate between expressed proteins and 
background, see Figure 6.5. Western analysis utilising an anti-His antibody can be done to 
confirm that Ace2, Mob2 and Sdm1 are being expressed in the current system.  
Expression of the C terminal Cbk1 region was not observed under the tested conditions. 
Further optimisation of the expression conditions will be necessary; perhaps by increasing 
the concentration of IPTG used or extending the time of induction, see Figure 6.5. Finally, 
extraction of the protein lysates appeared to be “cleaner” via 8 M urea treatment than 
treating with BPER.   
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Figure 6.5: Protein expression profile of C terminal regions of Ace2, Cbk1, Mob2, Sdm1 and full- 
length Sdm1 in various E. coli strains. E. coli strains were induced for 3 hours with the addition of 1 
mM IPTG to the media. The expression of C terminal regions of Ace2, Cbk1, Mob2, Sdm1 and the 
full-length Sdm1 were induced in C41 cells (A), Origami cells (B), Rosetta cells (C), and Rosetta-gami 
cells (D). Protein lysates were extracted by either treatment with 8 M urea or BPER, and run out on 12 
% SDS PAGE gels. The full-length Sdm1 was well expressed in Origami and Rosetta-gami cells. The 
expected size fragments were; 54.2 kDa for the C terminal region of Cbk1, 21.6 kDa for the full-length 
Sdm1, 19.2 kDa for the C-terminal fragment of Ace2, 21.6 kDa for the C terminal of Mob2, and 18.6 
kDa for the C terminal of Sdm1. A = C terminal Ace2 fragment, C = C terminal Cbk1 fragment, M = C terminal 
Mob2 fragment, S = C terminal Sdm1 fragment, SF = full size Sdm1, 41 = C41 E. coli cells, O = Origami E. coli 
cells, R = Rosetta E. coli cells, Rg = Rosetta-gami E. coli cells.  
 
 
 
6.3.3 Codon Usage Across Species 
As S. cerevisiae proteins were being expressed in the Pichia pastoris and E. coli protein 
expression systems, the graphical codon usage analyser, http://gcua.schoedl.de/, was used 
to analyse the regions being expressed to ensure that these proteins could be read and 
translated by the system (Fuhrmann et al. 2004). The codon usage adaptability from S. 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Chapter 6– Structural Analysis of Sdm1 
 
216 
 
cerevisiae to P. pastoris was fairly low for Sdm1 with 8 codons being used less than 10% of 
the time in P. pastoris and 4 codons being used less than 20% of the time. In comparison, 
the codon usage for Sdm1 in E. coli was more compatible with only 5 codons being used 
under 20% of the time, while the C terminal region of Sdm1 only contained 2 codons under 
20% adaptiveness, see Table 6.3, and Figures XXV - XXVII, Appendix I. 
Similar to Sdm1, Ace2’s codon usage was much more adaptable in E. coli than P. pastoris; 6 
codons below 10% and 6 codons below 20 % in P. pastoris compared to 11 codons below 
20 % adaptiveness in E. coli. Although, the number of codons is similar, the level of 
adaptiveness is much lower in P. pastoris, see Table 6.3, and Figures XVI-XVIII, Appendix I.  
The codon adaptability of Mob2 and Cbk1 between P. pastoris and E. coli compared to S. 
cerevisiae is fairly similar, see Table 6.3 and Figures XIX – XXIV, Appendix I. Although, the 
total number of codon adaptability is less in P. pastoris than E. coli for Cbk1 (5 compared to 
9), 3 of the codons have less than 10% adaptability in P. pastoris indicating that a block in 
translation would most likely be seen in P. pastoris than E. coli.  
 
Table 6.3: Codon usage adaptability from S. cerevisiae to P. pastoris and E. coli for Ace2, Cbk1, 
Mob2 and Sdm1 
Protein Adaptability 
<20% in P. 
pastoris 
Adaptability 
<10% in P. 
pastoris 
Adaptability 
<20% in E. coli 
Adaptability 
<10% in E. coli 
     
Ace2 6 6 11 0 
Ace2 C terminal - - 3 0 
Cbk1 2 3 9 0 
Cbk1 C terminal - - 9 0 
Mob2 3 0 3 0 
Mob2 C terminal - - 3 0 
Sdm1 4 8 3 0 
Sdm1 C terminal - - 2 0 
 
6.4 Discussion 
The aim of the present study was to elucidate Sdm1’s structure and how this may aid its role 
in cell separation and its interaction with Ace2, Cbk1 and Mob2. 
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6.4.1 Sdm1 Has an Unfolded Conformation? 
To examine the structure of Sdm1 by NMR analysis, expression and purification of Sdm1 is 
required. The yeast model organism P. pastoris was chosen as the expression system 
because it has routinely being used by groups to express yeast and mammalian proteins. 
Preliminary NMR data indicates that Sdm1 has an unfolded conformation; Sdm1 may 
become folded when associated with other proteins as a transient structure, such as Cbk1 
and Mob2; our yeast-2-hybrid data (in this study) and Ito et al.’s study have shown that Cbk1 
and Mob2 interact with Sdm1 (Ito et al. 2001). It is known that there are a vast number of 
unfolded proteins present within the cell that play central roles in a diverse range of cellular 
processes and disease states, and these form transient structures to carry out their function 
before resuming their unfolded state, although, their precise mechanisms of action have yet 
to be elucidated (Felitsky et al. 2008). Sdm1 may be a unfolded protein in vivo but 
undergoes a conformational change to a transient folded structure upon interaction with a 
binding partner such as Cbk1. It is believed that this is a method of regulation, so that 
proteins are only activated when required within the cell; it can be speculated that over-
activation of these proteins could lead to disastrous consequences thereby this method of 
regulation ensures that these proteins cannot be activated “accidently.”  
Gel filtration assays failed to elucidate further structural information surrounding Sdm1. Gel 
filtration relies on the larger sized proteins being eluted at a faster rate than smaller sized 
proteins. No interactions were observed for Sdm1 with either Cbk1 or Mob2 as a faster rate 
of elution was not observed for the mixed samples, instead they were observed to elute at a 
similar rate to the pure samples, see Figures 6.4A and B. It is speculated that the Sdm1 and 
Mob2 eluted during the gel filtration assays are most likely to be in a complex with itself, 
either as a trimer, or even something larger. The rate of elution of Mob2 and Sdm1 were 
found to be similar to Cbk1, and Cbk1 (86.3 kDa) is at least three times larger in size than 
Sdm1 (28.9 kDa) and Mob2 (33.3 kDa), thereby Cbk1 should have eluted far earlier than 
Sdm1 and Mob2, and this was not seen, see Figures 6.3 and 6.4. In addition, after protein 
purification of Sdm1, Cbk1 and Mob2 from P. pastorsis cells, protein electrophoresis of the 
purified samples revealed additional bands just under 70 kDa for both Sdm1 and Mob2, and 
these are speculated to be the dimerised form, see Figure 6.1.The purified Cbk1, Mob2 and 
Sdm1 can be run out on a native gel to check whether Sdm1 and Mob2 are eluting as 
trimers or something larger. Finally, western blots should be done to confirm the larger sized 
bands are indeed the dimerised form of the proteins. Given that the P. pastoris system was 
able to express the proteins, the codon adaptability between the species was fine, and early 
termination of translation did not occur.   
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The P. pastoris protein expression system relies on a secretion signal being added to the 
expressed protein, thereby secreting the expressed proteins into the extracellular space. 
This in itself adds a folding artefact to the experiment because Sdm1, Cbk1 and Mob2 will be 
modified from its native form by the addition of this secretion signal; the proteins will also be 
processed in a different manner within the cell, since secretion from the cell requires ER-
golgi and vesicle trafficking. Indeed, the addition of the secretion signal could prevent the 
proteins from folding properly, and this may explain why Sdm1 has an unfolded conformation 
under NMR analysis and gel filtration assays show that Sdm1, Mob2 and Cbk1 do not 
interact, which is in direct contrast to yeast-2-hybrid data shown in this study (Chapter 4) and 
by Ito et al., 2001 (Ito et al. 2001).  
However, gel filtration assays do indicate that Sdm1and Mob2 most likely form a trimer with 
themselves, indicating that these proteins are folded to some degree in this system, see 
Figure 6.4. Sdm1 has been shown to interact with itself in a yeast-2-hybrid assay, see 
Chapter 4, while the C terminal region of Mob2 has also been shown to interact with itself in 
a yeast-2-hybrid study, see Figure 4.12 and Table 4.3. Structural predictions of Sdm1 also 
reveal very little, see Table 6.2. The percentage of estimated precision for predictions of 
Sdm1 are extremely low, while the E-values are extremely high per prediction, and this 
implies that Sdm1 is likely to have an unfolded structure. The predictions for Sdm1 all 
indicated that Sdm1 had regions that may resemble a hydrolase.  
Conclusions can therefore not be drawn about the structure of Sdm1 from the P. pastoris 
expression system. Instead, it is speculated that Sdm1 may remain in an unfolded state 
within the cell, thereby an un-functional state, until interacting proteins, such as Cbk1 and 
Mob2, bind to Sdm1 causing it to switch to a transient structure that allows it to perform its 
function within the cell. Upon completion of its function, it reverts to its unfolded state 
preventing over-activation of a particular pathway. This mechanism of action is typical of 
those proteins involved in cell signalling, since proteins that are prone to be unstable or 
unstructured facilitate rapid recycling which is what is needed to switch from one cell division 
stage to another.  
 
6.4.2 Expression of S. cerevisiae Proteins in E. coli 
Since conclusions could not be drawn regarding the structure of Sdm1 using the P. pastoris 
expression system, the C terminal regions predicted to have homology to known structures 
in Ace2 (a region with homology to the zinc finger domain of the designed protein, Aart; a 
six-zinc fingers protein constructed to examine DNA binding affinity in Zinc finger domains 
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(Segal et al. 2006)), Cbk1 (a region with 400 amino acids that are homologous to the human 
Rock1 protein kinase; a major downstream effector of Rho and thought to be involved with 
tumour progression (Abe et al. 2008)), Mob2 ( a region homologous to the protein kinase, 
Mob1; a regulator of the MEN network) and Sdm1 ( a region homologous to the 
Pseudomona syringae effector protein, Avrpto; believed to have a role in promoting infection 
and interestingly, in vitro, has the ability unfold and fold its structure without the assistance of 
chaperone proteins (Dawson et al. 2008)) were expressed in E. coli so that these could be 
analysed by NMR.  
Preliminary expression data indicates that further optimisation of the E. coli protein 
expression system needs to be undertaken before purified fragments can be taken forward 
for NMR analysis and further study. The Cbk1 C terminal region does not seem to be 
expressed in the current system, it is possible that translation is terminated early for this 
protein because the codon usage analyser indicated that 9 of the codons within Cbk1 have a 
low adaptability in E. coli, see Figure XXI, Appendix I. Another possibility is that this fragment 
is too large, thus it is not being expressed in this system; the expressed fragment of Cbk1 is 
54 kDa, while the other expressed fragments are less than 30 kDa. There is also the 
possibility that this fragment is fairly unstable and degrades rapidly upon formation, so a 
lower induction period could be examined.  
The full-length Sdm1 protein is being expressed in the current system, but only in Rosetta-
gami and Origami cells; it is likely that the C terminal regions of Ace2, Mob2 and Sdm1 are 
also being expressed in this current system, but the high level of background made it difficult 
to differentiate between expression and artefacts. Western analysis of these fragments using 
an anti-his antibody can be done to confirm the presence of the expressed fragments. 
Expression may be improved by a longer induction period, but there is the possibility that 
these fragments are unstable and degrade rapidly upon being formed unless stabilised by a 
binding partner. Shorter induction periods and co-expression of interacting partners should 
also be examined. That expressed fragments only tend to be seen in the 8 M urea protein 
extraction procedure and not the BPER protein extraction procedure, further indicates that 
these fragments are unstable on their own; extraction by BPER allows the proteins to remain 
in their native state, while extraction by 8 M urea does not.  
Although, the study revealed little about the structure of Sdm1, both the structural predictions 
and the preliminary NMR data suggests that Sdm1 may remain in the cell in an unfolded 
state and undergoes a conformational change to a transient folded structure upon interaction 
with a binding partner. It is speculated that this is the mechanism of action of Sdm1; 
structural predictions by PHYRE and JPRED indicate that Sdm1 contains a domain 
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homologous to the Pseudomona syringae effector protein Avrpto, which has been shown to 
be able to fold and unfold its structure in vivo without the assistance of chaperone proteins 
(Dawson et al. 2008). The precise conditions needed to initiate this change needs to be 
elucidated, but the gel filtration assay indicates that the presence of its interacting partners, 
shown by the yeast-2-hybrid screen performed here and by Ito et al., 2001, may not be 
enough to initiate this conformational change (Ito et al. 2001). It is possible that an 
interaction was not seen due to the addition of a secretion signal to Sdm1 and Mob2, but the 
gel filtration assay did indicate that these proteins interacted with themselves, thus, the 
addition of the secretion signal may not have had that great an effect on the binding or their 
conformation. The gel filtration assay indicated that Sdm1 was eluting in a complex with 
itself, but this was not seen by the NMR analysis, and it is speculated that this is due to the 
rapid recycling of Sdm1, a mechanism employed by those proteins involved in cell signalling 
to enable a rapid switch from one cell division stage to another. This may explain why a 
fluorescent signal could not be detected for Sdm1 during GFP localisation experiments, see 
Chapter 5, despite having confirmed that SDM1-GFP was being expressed in the cells. 
 
6.5 Conclusion 
In conclusion, Sdm1 is hypothesised to be an unfolded protein within the cell, and upon 
interaction with an interacting partner, Sdm1 undergoes a conformational change to a 
transient structure; thus allowing it to perform its function within the cell. It is further 
speculated that Sdm1 is rapidly recycled within the cell, and this is typical of a protein 
involved in cell signalling, especially those involved in switching the cell division cycle from 
one stage to the next. It is further speculated that this conformational change may rely on 
additional factors than just the presence of a binding partner.  
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Chapter 7: The Role of Sdm1 in Cell Separation 
7.1 Overview 
Our interest in cell separation arose from the identification of Ace2 as a “virulence factor” in 
C. glabrata. C. glabrata ace2 cells were found to be hypervirulent in a mouse model of 
candidiasis (Kamran et al. 2004). Ace2 is a transcriptional regulator of M/G1 and regulates 
genes that are required for entry and progress through G1 (Simon et al. 2001; Niu et al. 
2008), and plays a central role in cell separation. It is known that Ace2 regulates the 
activation of daughter-specific genes required for cell separation and is regulated by the 
RAM pathway (Dohrmann et al. 1996; Colman-Lerner et al. 2001; Doolin et al. 2001) (Nelson 
et al. 2003).  
Regulation of the cell cycle is an important process in all living organisms. Disruption of the 
cell cycle can lead to disastrous consequences; cancer, for example, is due to mis-regulation 
of the cell cycle. The principle aim of the study was therefore to characterise and obtain a 
better understanding of the spatial and temporal nature of the cell separation machinery of 
S. cerevisiae. 
A total of 178 novel potential cell separation mutants have been identified in the present 
study bringing the total list of cell separation defective mutants identified in S. cerevisiae so 
far to 221 potential mutants, see Chapter 3 and Table V, Appendix I. Of those 221 potential 
mutants, 11 uncharacterised genes have been implicated in cell separation, see Chapter 3. 
A phenotypic screen revealed that 6 of them may be involved with cell wall function, while 
one is implicated with the MAP kinase pathway, see Chapter 3. The data presented in this 
study also implicates roles for ubiquitination and glycosylation in the regulation of cell 
separation, and this supports data reported previously by Blondel et al.,2005, Mondesert et 
al., 1997, and Zhou et al., 2007 (Mondesert et al. 1997; Blondel et al. 2005; Zhou et al. 
2007).  
Furthermore, some cell separation mutants identified in the current study have recently been 
reported by others; Verma-Gaur et al. published work in July 2008 indicating that Rpb4 had 
a cell separation defect, and in the absence of Rpb4, they found that several genes that 
controlled mother-daughter cell separation were down-regulated (Verma-Gaur et al. 2008). 
They further provide evidence that Rpb4 is involved in the expression of genes downstream 
of the RAM pathway (Verma-Gaur et al. 2008). Examination of each of the cell separation 
mutants presented in the current study will most likely reveal more genes involved directly 
with Ace2 and the RAM network.  
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The main finding with respect to the present study was the identification of the 
uncharacterised gene, YIR016W, termed Defective in Separation of Daughter and Mother 
Cell 1 (SDM1) as playing a potential role in cell separation. sdm1 was identified as a cell 
separation defective mutant, see Chapter 3. Little is known about Sdm1, but a large scale 
yeast-2-hybrid screen by Ito et al., 2001, identified Sdm1 to be interacting partners with Cbk1 
and Mob2 (Ito et al. 2001). Cbk1 and Mob2 are members of the RAM network that activate 
Ace2, thereby leading to cell separation (Nelson et al. 2003; Kurischko et al. 2005). In 
addition, Nui et al., 2008, have recently performed a large scale over expression screen and 
identified that over-expression of SDM1 led to cell cycle defects (Niu et al. 2008). The 
remainder of this study was thereby devoted to elucidating Sdm1’s role in cell separation. 
 
7.2 Sdm1 and Yol036w Are Speculated to be Involved in Regulation of ER to Golgi 
Trafficking  
Initial hypotheses centred around Sdm1’s role in cell separation being linked directly to its 
interaction with the RAM network and Ace2, see Chapter 4. In the present study, the initial 
yeast-2-hybrid interactions seen by Ito et al., 2001, for Sdm1 were re-examined (Ito et al. 
2001), in addition, interactions between Sdm1 and Ace2  were also examined as we 
hypothesise that Sdm1 plays an important role in cell separation.  
This study confirmed data published by Ito et al., 2001, and revealed that Sdm1 interacted 
with Ace2 (Ito et al. 2001), see Chapter 4. Furthermore, a “guilt-by-association” method was 
used to try and characterise Sdm1 (Tian et al. 2008). A collaboration was set up with Stanley 
Fields, University of Washington, to perform a large scale yeast-2-hybrid screen using Sdm1 
as the bait, see Chapter 4. This resulted in the identification of 15 novel protein-protein 
interactions that have previously not being reported for Sdm1, see Chapter 4. Of particular 
interest was the interaction seen between Sdm1 and the uncharacterised protein, Yol036w, 
see Chapter 4. Similar to Sdm1, Yol036w was previously shown to have a yeast-2-hybrid- 
interaction with Cbk1 and Mob2 (Ito et al. 2001), yet our current study indicated it interacted 
with Sdm1 too, see Chapter 4. In addition, Sdm1 and Yol036w are paralogues of each other 
giving further strength to the hypothesis that they function within the same network or at 
least can activate/ regulate/ interact with the same subset of proteins as each other 
(Scannell et al. 2006). It is also interesting that C. glabrata also has an orthologue of each – 
CAGL0F0177 for YOL036W and CAGL0K08690 for SDM1 – indicating that these genes 
may either regulate different functions within the cell or regulate an important function as 
they have both been conserved. If both genes regulated the same function, you would have 
expected one of the genes to have been lost through evolution as one of them is redundant. 
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A large scale yeast-2-hybrid of Yol036w revealed 10 novel protein-protein interactions, see 
Chapter 4. Given that Yol036w, Sdm1 and the RAM proteins, Cbk1 and Mob2, interact with 
each other, the “guilt-by-association” method implicates Sdm1 and Yol036w in ER to golgi 
trafficking since the majority of the proteins identified from the large scale yeast-2-hybrid are 
somehow involved with ER to golgi trafficking, see Chapter 4. This is supported by data 
published by Kurishiko et al., 2005, who speculate that RAM and Ssd1 may play a role in 
endocytosis/ vesicle transport as part of its role in maintaining cell wall integrity (Kurischko et 
al. 2005). Since Yol036w was not identified in the cell separation screen for cell separation 
mutants, we speculate that Sdm1’s involvement with Yol036w is unrelated to Sdm1’s role in 
cell separation. We hypothesise Yol036w interaction with Sdm1, Cbk1 and Mob2 is related 
to its role in regulating cell wall integrity in association with the RAM network. This is 
supported by the observation that Yol036w does not interact with the C terminal fragment of 
Ace2, see Chapter 4; this is not conclusive evidence and a yeast-2-hybrid interaction should 
be performed with the full-length Ace2 and Yol036w to confirm that they do not interact. 
Further in-depth investigations will need to be done to confirm this hypothesis. 
 
7.3 Sdm1’s Proposed Role in Cell Separation 
Despite the many contradictions observed in the present study, it is speculated that Sdm1 
does play a minor role in cell separation. Although, sdm1 was identified to have a defect in 
cell separation, see Chapter 3, the TEM analysis of sdm1 cells and microscopy of the 
constructed ACE2-GFP sdm1 cells indicated that sdm1 did not have a cell separation defect, 
see Chapter 3 and 5. At no time was more than one cell attached to another in the TEM 
analysis, however, the majority of cells observed were doublets, see Chapter 3.  
We hypothesise that Sdm1 may function as a negative regulator of cell cycle progression, 
and thereby cell separation. In this hypothesis, overexpression of Sdm1 will result in a cell 
cycle arrest, and Niu et al., 2008, have already shown that overexpression of Sdm1 leads to 
a cell cycle delay at G2/M (Niu et al. 2008), while deletion of Sdm1 would cause the cells to 
progress through the cell cycle faster. Faster progression through the cell cycle of sdm1 cells 
could potentially explain the mild separation defect seen as daughter cells could potentially 
begin their next cell cycle division prior to cytokinesis and cell separation being completed 
between them and their mother cells. It is only later that the first mother and daughter cell 
complete cytokinesis and cell separation. This would also explain why only a subtle mild cell 
separation defect is seen in sdm1 cells because cell separation would still be intact in these 
cells, just progressing at a slower rate.  
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In addition, in Chapter 5, although preliminary data indicated that Ace2 is found localised to 
the daughter cell nuclei as normal in sdm1 cells, the localisation of the Ace2 appeared to be 
more diffuse in sdm1 cells and did not appear to be concentrated in the daughter nuclei like 
in the control, see Figure 5.6. Furthermore, in some sdm1 cells Ace2-GFP appeared to be 
localised diffusely to the mother cell cytoplasm, see Figure 5.6, suggesting that in these cells 
Ace2 either fails to enter the daughter cell nucleus or that Ace2 can enter the daughter cell 
nucleus but is exported out of the daughter cell nucleus instead of being retained. The 
proportion of sdm1 cells where Ace2 is localised to daughter cell nuclei in comparison to the 
cytoplasm will need to be calculated and a statistical analysis applied, but preliminary 
indications are that Ace2 is likely to be mis-localised in sdm1 cells. This suggests that Sdm1 
plays a role in the localisation of Ace2, and this is supported by yeast-2-hybrid data which 
shows that Ace2 and Sdm1 interact, see Chapter 4. Analyses carried out after the 
submission of this thesis by Minuzzi et al. (unpublished) showed that the proportion of Ace2-
GFP mislocalised in sdm1 cells to the cytoplasm was of significance difference when 
compared to wild-type cells from three independent lab counts each examining 
approximately 100 cells, however further experimentation, such as leptomycin B assays that 
block Crm1, which exports Ace2 out of the nucleus, will need to be performed to see 
whether Ace2 is retained in the nucleus of sdm1 cells under this condition.  
Current proposals for Ace2’s regulation is that the Cbk1-Mob2 complex triggers Ace2’s 
localisation to both mother and daughter cell nuclei; in the mother cell nucleus, Ace2 is 
exported out of the nucleus, via Crm1, while in the daughter cell nucleus, Ace2 activates the 
transcription of daughter-specific genes required for cell separation (Colman-Lerner et al. 
2001; Weiss et al. 2002; Kurischko et al. 2005; Sbia et al. 2008). Sbia et al., 2008, have 
shown that by mutating a region of Ace2’s NES domain or by adding inhibitors of Crm1, 
Ace2 is prevented from exiting the mother cell nucleus as well as the daughter cell nucleus 
(Sbia et al. 2008). This has been supported by work done by Mazanka et al., 2008, who 
have shown through a series of elegant experiments that Cbk1 not only phosphorylates the 
Ace2 in daughter cell nuclei so hiding the NES on Ace2 thus preventing export of Ace2 from 
the daughter cell nuclei via Crm1, but that further phosphorylation of Ace2 by Cbk1 enables 
the Ace2 to become more transcriptionally activate (Mazanka et al. 2008). Furthermore, 
Mazanka et al., 2008, showed that Cbk1 was specifically localised to the daughter side only, 
thus explaining why Ace2 could enter both mother and daughter cell nuclei, but was only 
retained in the daughter cell nuclei (Mazanka et al. 2008). 
Based on data presented in the current study and data available, the following hypothesis 
has been suggested for Sdm1’s role in cell separation: 
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Ace2 is triggered to enter the daughter and mother cell nuclei at the end of mitosis by the 
Cbk1-Mob2 complex (Colman-Lerner et al. 2001; Weiss et al. 2002; Sbia et al. 2008), and 
this is supported by our observations that Ace2-GFP was observed to localise to both 
mother and cell nuclei, see Figure 5.1. It is speculated that Ace2 enters the nucleus via the 
Impα/Impβ complex because Hahn et al., 2008, have recently shown that Swi5 is imported 
into the nucleus via this complex, and Ace2 shares the same conserved NLS domain as 
Swi5 (Dohrmann et al. 1996; Doolin et al. 2001; Hahn et al. 2008). Upon entry to daughter 
cell nuclei, Ace2 is phosphorylated by Cbk1 so that Ace2’s NES domain is masked and Ace2 
is not exported by Crm1 (Racki et al. 2000; Weiss et al. 2002; Sbia et al. 2008). However, in 
mother cell nuclei, Ace2 is believed to be exported out of the mother cell nuclei into the 
cytoplasm and targeted for degradation (Sbia et al. 2008). We propose that Sdm1 aides 
Cbk1 in the phosphorylation of Ace2 and masking of the NES domain from Crm1. Perhaps, 
Sdm1 acts as a “bridge” allowing Cbk1 to easily phosphorylate Ace2. This would explain why 
Sdm1 has yeast-2-hybrid interactions with Cbk1, and Ace2, see Chapter 4.  
We do not believe that Sdm1 activates Cbk1 to phosphorylate Ace2, because in the absence 
of Sdm1, Ace2 appears to be mis-localised to the cytoplasm and correctly to daughter cell 
nuclei, suggesting that the NES domain in Ace2 is correctly masked in some cells by Cbk1, 
see Chapter 5. It is also unlikely that Sdm1 regulates Cbk1’s localisation within the cell by 
specifically localising it to the daughter cell side, thus regulating Ace2’s localisation in this 
manner (Mazanka et al. 2008). If this was true, a higher proportion of Ace2 would be found 
mislocalised in sdm1 cells and the CTS1 expression would be expected to be low in these 
cells as Ace2 is not being retained in the nucleus at a high level leading to less daughter-
specific genes being expressed. However, the CTS1 expression in sdm1 cells is similar to 
wild-type levels, see Figure 5.7. That mis-localisation of Ace2 is observed in sdm1 cells 
implies that this is directly due to the loss of Sdm1 in these cells. Instead, we propose that 
Sdm1 acts as a “facilitator” of Ace2’s phosphorylation by making the phosphorylation of 
Ace2 a more favourable reaction for Cbk1.  
This would also explain the observation that the CTS1 expression appeared to be similar to 
“wild-type” expression in sdm1 cells, even though in ace2 cells, CTS1 expression was only 
observed at a very low level, see Chapter 5. If ACE2 was “inactivated” in sdm1 cells then 
only limited expression of CTS1 should have been observed, which was not the case, see 
Chapter 5. With the proposal that Sdm1 is acting as a “facilitator” of the phosphorylation 
reaction between Ace2 and Cbk1, in the absence of Sdm1, phosphorylation of Ace2 will still 
take place, but at a much lower rate of success. As Sdm1 is essentially regulating Ace2 
activity in the proposed hypothesis, it makes sense for Sdm1 to be recycled quickly to avoid 
over activation of Ace2 (Ace2 regulates genes required for the entry and progression of 
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M/G1 (Simon et al. 2001; Niu et al. 2008)), and this may be why no Sdm1-GFP could be 
observed within cells, see Chapter 5, and why all current structural data indicate that Sdm1 
is likely to be unfolded within the cell, see Chapter 6.  
Finally, we speculate that Sdm1 may play a role in regulating budding pattern in cells as 
some sdm1 cells were observed to undergo a bipolar pattern of budding which is usually 
associated with diploid cells, see Figure 5.9. This would make sense as Sdm1’s expression 
has been shown to be regulated by the metabolic and meitotic transcriptional regulator 
Ume6, and meiosis occurs in diploid cells (Williams et al. 2002). 
 
7.4 Future Work 
In the words of George Bernard Shaw, “Science never solves a problem without creating ten 
more,” and this is certainly very true. Many questions remain unanswered following the 
above study. For example, how does Sdm1 in association with Yol036w regulate ER to golgi 
trafficking? Do they regulate specific pathways involved in ER to golgi trafficking? Since 
Sdm1 seems to function in both pathways that the RAM network regulates; Ace2 and cell 
separation, and cell wall integrity and polarised growth, is Sdm1 a part of the RAM network? 
We previously discounted Sdm1 as being part of the RAM network on the basis that 
polarised growth was maintained in sdm1 cells, see Figure 3.5, whereas ram mutants have a 
defect in polarised growth, and that all RAM genes in the S. cerevisiae S288C background to 
date are essential in this background and SDM1 is not essential for this background. 
However, given that Sdm1 appears to play a role in both pathways that RAM regulates, 
perhaps Sdm1 is a part of the RAM network.  
In addition, the proposed hypothesis is merely speculative at best. Further experiments will 
need to be performed to confirm the proposed hypothesis. These include: 
 Further examination of sdm1 cells under TEM analysis. By obtaining clearer images 
of the septum of sdm1 cells and the parental strain at the bud neck and measuring 
the septum thickness between these cells, it should give us an indication of whether 
sdm1 cells have a thicker septum and if they are adjoined to more than two cells at a 
time. This is subject to a large number of cells being examined for statistical 
significance. The other mutants in the TEM study should also be looked at via this 
method to determine if their cell separation defect is related to a thicker septum.  
 Chitin should be extracted from sdm1 cells and the parental strain, and the 
concentration of chitin present measured. The same volume of cells should be used 
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for the extraction, and repeated a number of times for statistical relevance. This will 
inform us whether the mild separation defect seen in sdm1 cells is due to a higher 
concentration of chitin in the cell wall than the wild-type. 
 Localisation studies of enzymes involved in the degradation of the septum, such as 
Dse1, Dse2, Egt2, and Scw11, should be carried out to observe if these proteins are 
mis-localised in sdm1 cells. If these enzymes are mis-localised in sdm1 cells, it 
provides evidence that Sdm1 is involved in ER to golgi trafficking. 
 Live time lapse microscopy tracking the cell cycle of a single sdm1 cell (separated 
from the rest using a micromanipulator) should be carried out, and compared against 
a wild-type cell. If our hypothesis that Sdm1 is a negative regulator of the cell cycle is 
correct, we would expect sdm1 cells to progress through the cell cycle at a faster 
rate and expect cells to begin their next round of cell division prior to completion of 
their current cycle. Thus, you would expect to see the cell grow into a group of three 
cells or more, before the original starting cell separates from the group in an sdm1 
strain under live time lapse microscopy. FACS analysis of a synchronised cell culture 
could also be used to determine whether sdm1 cells progress through the cell cycle 
faster than wild-type cells. 
 A yeast-2-hybrid interaction with Ace2 and the Impα/Impβ complex, as well as co-
immunoprecipitation experiments to confirm that Ace2 is imported into the nucleus 
via the Impα/Impβ complex. 
 Co-immunoprecipitation experiments to confirm those yeast-2-hybrid interactions 
seen in the present study. 
 Synchronised cell culture studies to examine the levels of Sdm1 within the cell using 
FACS analysis. This will indicate when Sdm1 is most highly expressed within the cell 
and enable us to see whether Sdm1-GFP expression can be seen at this point in the 
cell cycle and perform co-localisation experiments with Ace2 and Cbk1. In addition, 
overexpression studies of Sdm1-GFP should be examined to see if Sdm1’s 
localisation within the cell can be elucidated in this manner.  
 Further structural NMR studies with Sdm1 to see if this will elucidate further 
information regarding its function within the cell. Additionally, since Sdm1 is 
proposed to be an unfolded protein and interaction with a binding partner may 
stabilise Sdm1, co-expression of Sdm1 in E. coli should be examined. This will also 
enable us to examine how Sdm1 may facilitate Cbk1’s phosphorylation of Ace2 by 
examining these structures under NMR and perhaps X-ray crystallography.  
 Cbk1-GFP localisation should be investigated in sdm1 cells. It is unlikely that Sdm1 
regulates Ace2 localisation via regulation of Cbk1 localisation in the cell as 
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previously discussed, but Cbk1-GFP localisation in sdm1 cells should still be looked 
at to confirm this. 
 Leptomycin B assays should be performed to block Crm1, Ace2’s nuclear exporter 
from functioning in both sdm1 and wild-type cells. This will confirm whether the 
mislocalisation of Ace2 seen in sdm1 cells is due to a failure in import of Ace2 to the 
nucleus or a problem in retention of Ace2 in the nucleus. If our hypothesis that Sdm1 
facillates in the retention of Ace2 in daughter nuclei is correct, then we would expect 
to see Ace2 being retained in the nuclei in leptomycin B treated sdm1 cells, and 
upon removal of the leptomycin B, we would expect the majority of the Ace2 to leave 
the daughter cell nuclei. In wild-type cells, upon removal of the leptomycin B, we 
would expect the Ace2 to remain localised to the daughter cell nuclei. (Preliminary 
experiments performed after the submission of this thesis by Minuzzi et al., 
unpublished, appear to support this hypothesis.) 
 The list of cell separation mutants should also be re-examined to see if there other 
genes that may be related to the RAM network that could be of interest. In July 2008, 
Verma-Gaur et al. provided evidence that Rpb4 is involved in the expression of 
genes downstream of the RAM pathway, in particular, those involved in mother-
daughter cell separation (Verma-Gaur et al. 2008). rpb4 was identified in our screen 
back in 2004/5 as a cell separation mutant; there may be others present within our 
screen. 
 The role of Sdm1 in ER to golgi trafficking should also be examined, perhaps by 
overexpressing genes along specific known points in the pathway in sdm1 cells and 
examining at which point ER to golgi trafficking is restored. A suitable marker for 
identifying functional or disrupted ER to golgi trafficking should be used. Whether 
Sdm1 is involved in ER to golgi trafficking will also need to be confirmed, this could 
be examined by tracking known proteins that undergo ER to golgi trafficking, most 
likely using a GFP-tag, and examining them in sdm1 cells to see if the ER to golgi 
trafficking pathway is functional.  
 The budding pattern in sdm1 cells should be examined further by scoring the 
number of sdm1 cells displaying an axial or bipolar budding pattern against wild-type 
cells for significant difference. If there is a significant difference, Sdm1 could be 
overexpressed in mutants displaying only a polar budding pattern to see if these 
mutants can display an axial budding pattern when Sdm1 is overexpressed.  
 An sdm1 yol036w mutant should be created and its phenotype observed – is the cell 
separation defect seen more severe in these cells? If the cell separation defect seen 
is more severe than compared to sdm1 cells, it indicates that Sdm1 and Yol036w 
function in the same pathway as each other.  
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The above is just a short list of possible experiments that can be performed to explore the 
data presented in the present study further. 
 
7.5 Conclusion 
The cell cycle is an essential part of living organisms, mis-regulation of the cell cycle in any 
way can lead to severe consequences, for example, cancer is due to mis-regulation of the 
cell cycle. By understanding how the cell cycle is regulated will aid our understanding of how 
problems affecting the cell cycle can affect other processes and functions within the cell. In 
addition, by understanding how something is regulated, it will allow us to provide solutions if 
something goes wrong; for example, by understanding how cancer cells proliferate rapidly 
compared to normal cells would enable us to design a treatment based around that 
difference.  
In conclusion, in the current study we have examined the process of cell separation in S. 
cerevisiae and identified 178 novel cell separation mutants; of those, 11 were 
uncharacterised genes implicated in cell separation, 6 of which are implicated in cell wall 
integrity while one is implicated in the MAP kinase pathway. Furthermore, ubquitination and 
glycosylation were implicated to play a role in cell separation.  
The uncharacterised gene, YIR016W, termed Defective in Separation of Daughter and 
Mother Cell 1 (SDM1), was identified to play a role in cell separation. A yeast-2-hybrid 
screen identified 15 novel protein-protein interactions not previously described for Sdm1. 
Furthermore, the uncharacterised gene, YOL036W, was found to interact in a yeast-2-hybrid 
screen with Sdm1, and the RAM proteins, Mob2 and Cbk1. Furthermore, YOL036W is a 
paralogue of SDM1. The “guilt-by-association” method led us to propose that Sdm1 and 
Yol036w are involved in ER to golgi trafficking.  
Finally, based on data presented in the present study, it was proposed that Sdm1 helps 
regulate the localisation of Ace2 to the daughter cell nucleus at the end of M/G1 by facilitating 
Cbk1 phosphorylation of Ace2. It was further shown that Ace2 appears to be mis-localised in 
sdm1 cells and that sdm1 cells may display a bipolar budding pattern as opposed to an axial 
budding pattern that is normally seen in haploid cells. Furthermore, we propose that Sdm1 is 
a negative regulator of the cell cycle, perhaps the G2/M checkpoint.  
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Appendix I 
 
Table I: Genes whose over expression led to a multiple bud phenotype 
Phenotypic analysis of the Yeast-GST tagged collection by Sopko et al. identified 12 genes whose over expression led to a multiple bud phenotype (Sopko et 
al. 2006). Biological process, molecular function, and cellular component was for each gene was obtained from SGD, while the protein localisation data was 
obtained from http://yeastgfp.uscf.edu/.   
 
ORF Gene Biological Process Molecular Function Cellular Component Protein Localisation (by GFP) 
      
YIL004C BET1 ER to Golgi vesicle-mediated transport  SNAP receptor activity Endoplasmic reticulum membrane Not visible 
YMR001C CDC5 DNA-dependent DNA replication Protein kinase activity Cellular bud neck, nucleus, spindle pole Nucleus, bud neck 
YLR210W CLB4 G2/M transistion of mitotic cell cycle Cyclin-dependent protein kinase regulator activity Cytoplasm, nucleus Nucleus, spindle pole 
YHR115C DMA1 Establishment of mitotic spindle orientation Contributes to protein ligase activity Cytoplasm Ambiguous 
YDR225W HTA1 Chromatin assembly/ disassembly DNA binding Nuclear nucleosome Vacuole 
YDR224C HTB1 Chromatin assembly/ disassembly DNA binding Nuclear nucleosome Nucleus 
YOL012C HTZ1 Chromatin silencing at silent-mating type cassette Chromatin binding Chromosome assembly complex, nuclear chromatin Nucleus, anti-nucleolar nucleus 
YPL242C IQG1 Actin filament organisation Cytoskeletal protein binding Cellular bud neck contractile ring Bud neck 
YOR233W KIN4 Mitotic cell spindle orientation checkpoint Protein serine/threonine kinase activity Cell cortex, cellular bud neck, spindle pole body Cell periphery 
YCL051W LRE1 Cell wall organisation and biogenesis Protein kinase inhibitor Fungal-type cell wall Not visualised 
YAP1801 YAP1801 Endocytosis Clathrin binding Actin cortical patch Bud neck, bud, cell periphery 
YDL186W YDL186W Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
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Table II: Genes whose over expression led to a multi-nucleated phenotype 
Phenotypic analysis of the Yeast-GST tagged collection by Sopko et al. identified 16 genes whose over expression led to a multi-nucleated phenotype (Sopko 
et al. 2006). Biological process, molecular function, and cellular component was for each gene was obtained from SGD, while the protein localisation data 
was obtained from http://yeastgfp.uscf.edu/.   
ORF Gene Biological process Molecular function Cellular component Protein Localisation (by GFP) 
      
YBR158W AMN1 Mitotic cell cycle checkpoint Protein binding Cellular bud, cytoplasm, nucleus Cytoplasm, nucleus 
YCL029C BIK1 Karyogamy during conjugation with cellular fusion Microtubule binding Cell cortex, kinetchore, spindle, spindle 
pole body 
Microtubule, spindle pole 
YMR001C CDC5 DNA-dependent DNA replication Protein kinase activity Cellular bud neck, nucleus, spindle pole Nucleus, bud neck 
YPR119W CLB2 G2/M transition of mitotic cell cycle Cyclin-dependent protein kinase regulator activity Cellular bud neck, cytoplasm, nucleus, 
spindle, spindle pole body 
Nucleus 
YLR210W CLB4 G2/M transistion of mitotic cell cycle Cyclin-dependent protein kinase regulator activity Cytoplasm, nucleus Nucleus, spindle pole 
YNL225C CNM67 Microtubule nucleation Structural constituent of cytoskeleton Spindle pole body, Outer plaque of 
spindle pole body 
Spindle body 
YAL031C FUN21 Chromosome segregation Protein phosphate 1 binding Cytoplasm Cytoplasm 
YKL101W HSL1 Cell morphogenesis checkpoint Protein kinase activity Cellular bud neck, septin ring Bud neck 
YOL012C HTZ1 Chromatin silencing at silent-mating type cassette Chromatin binding Chromosome assembly complex, 
nuclear chromatin 
Nucleus, anti-nucleolar nucleus 
YPL242C IQG1 Actin filament organisation Cytoskeletal protein binding Cellular bud neck contractile ring Bud neck 
YNR017W MAS6 Protein import into mitochondrial matrix Protein transporter activity Mitochondrion Mitochondrion 
YAL030W SNC1 Endocytosis SNAP receptor activity Endosome, SNARE complex, trans-
golgi network 
Not visualised 
YOR008C SLG1 Actin cytoskeleton organisation and biogenesis Transmembrane receptor activity Actin cap, membrane fraction, plasma 
membrane 
Bud, bud neck, cytoplasm, 
vacuole 
YIL144W TID3 Chromosome segregation Structure constituent of cytoskeleton Condensed nuclear chromosome 
kinetochre and centromeric region, 
Ndc80 complex 
Spindle pole 
YAP1801 YAP1801 Endocytosis Clathrin binding Actin cortical patch Bud neck, bud, cell periphery 
YNL304W YPT11 Golgi inheritance GTPase activity Cellular bud neck, Cellular bud tip Cytoplasm 
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Table III: Strong cell separation defective mutants (99) identified from screening the YKO and Tet-YKO library  
 
A total of 217 strains with inactivated alleles of genes identified in the primary screen as having a cell separation defect were observed in the presence of 1 
mM EDTA or 1 mM MnCl2 to separate artefacts due to flocculation of S. cerevisiae. A total of 99 strains were found to maintain the cell separation defective 
phenotype in the presence of both1 mM MnCl2 or 1 mM EDTA, these were defined as strong cell separation mutants. Strains derived from the Tet-YKO library 
were grown with the addition or absence of 10 g/ml doxycycline in YPD depending on the results obtained from the primary screen. GFP localisation data 
was obtained from http://yeastgfp.ucsf.edu/, biological process, molecular function and cellular component data obtained from SGD. White- Clumpy in the 
presence of 10 g/ml doxycycline, yellow- clumpy in the presence and absence of 10 g/ml doxycycline, green-clumpy in the absence of 10 g/ml 
doxycycline, and orange- derived from the YKO library. 
 
Mutated ORF Mutated Gene Biological Process Molecular Function Cellular Component Protein Localisation (by GFP) 
      
YLR131C ACE2 G1-specific transcription in mitotic cell cycle Transcriptional activator activity Nucleus Cytoplasm, nucleus 
YEL036C ANP1 N-linked glycosylation Mannosyltransferase activity Mannosyltransferase complex Golgi 
YIL040W APQ12 Biological process unknown Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YNR035C ARC35 Actin cytoskeleton organisation and biogenesis Structural molecule activity Arp2/3 protein complex Actin 
YJL081C ARP4 Chromatin remodeling Chromatin binding Nucleus Nucleus 
YPL115C BEM3 Establishment of cell polarity (sensu Fungi) Signal transducer activity Intracellular Cytoplasm and bud neck 
YNL271C BNI1 Establishment of cell polarity (sensu Fungi) Cytoskeletal regulatory protein binding Bud neck Bud neck, cytoplasm 
YLR110C CCW12 Cell wall organization and biogenesis Molecular function unknown Cell wall (sensu Fungi) Endoplasmic reticulum 
YJR076C CDC11 Cytokinesis Structural constituent of cytoskeleton Septin ring Bud neck, cell periphery 
YOL139C CDC33 Regulation of cell cycle Translation initiation factor activity Cytoplasm Cytoplasm 
YDR054C CDC34 G1/S transition of mitotic cell cycle* Ubiquitin conjugating enzyme reaction Nuclear ubiquitin ligase complex Nucleus, cytoplasm 
YLR459W CDC91 Attachment of GPI anchor to protein GPI anchor transamidase activity GPI acnhor transamidase complex Not visualised 
 251 
 
YJL194W CDC6 Pre replicative complex ATPase activity Pre replicative complex Cytoplasm, nucleus 
YPR105C COG4 Intra golgi transport Molecular function unknown Golgi transport complex Early golgi 
YLR286C CTS1 Cytokinesis, completion of separation Chitinase activity Cell wall Vacuole 
YMR240C CUS1 Spliceosome assembly RNA binding snRNPU2 Nucleus 
YHR143W DSE2 Cell wall organization and biogenesis Glucan 1,3-beta-glucosidase activity Cell wall (sensu Fungi) Low signal 
YKL048C ELM1 Protein amino acid phosphorylation Protein serine/threonine kinase activity Contractile ring (sensu Saccharomyces) Bud neck 
YDR414C ERD1 Protein-ER retention Molecular function unknown Membrane Ambigious 
YGR175C ERG1 Ergosterol biosynthesis Squalene monoxgenase activity Endoplasmic reticulum Endoplasmic reticulum 
YHR072W ERG7 Ergosterol biosynthesis Lanosterol synthase activity Endoplasmic reticulum Lipid particle 
YNL327W EGT2 Cytokinesis Cellulase activity Cell wall (sensu Fungi) Endoplasmic reticulum 
YDL166C FAP7 Processing of 20s pre rRNA Molecular function unknown Nucleus Cytoplasm, nucleus 
YNL133C FYV6 Double-strand break repair via non homologous 
end-joining 
Molecular function unknown Nucleus Nucleus 
YGR216C GPI1 GPI anchor biosynthesis Molecular function unknown Membrane Not visualised 
YHR188C GPI16 Signal peptide processing GPI anchor transamidase activity Integral to endoplasmic reticulum Not visualised 
YLL035W GRC3 rRNA processing Molecular function unknown Cellular component unknown Not visualised 
YJR090C GRR1 Ubiquitin-dependent protein catabolism Protein binding Cytoplasm Not visualised 
YGL084C GUP1 Glycerol transport Glycerol transporter activity Membrane Endoplasmic reticulum 
YJR075W HOC1 Cell wall mannoprotein biosynthesis Contributes to alpha-1,6-mannosyltransferase 
activity 
Alpha-1,6-mannosyltransferase complex Golgi 
YPL127C HHO1 Regulation of transcription, DNA-dependent DNA binding Nucleus Nucleus 
YJR055W HIT1 Biological process unknown Molecular function unknown Cytoplasm Cytoplasm, nucleus 
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YPL204W HRR25 Chromosome segregation Protein kinase activity Nucleus Bud neck, cytoplasm, nucleus 
and bud 
YDR345C HXT3 Hexose transport Glucose transporter activity Plasma membrane Cell periphery, vacuole 
YKL189W HYM1 Cytokinesis Transcriptional repressor activity Bud Nucleus and cytoplasm 
YHR197W IPI2 35s transcript processing Molecular function unknown Nucleoplasm, nucleus Nucleus 
YPL242C IQG1 Actin filament organisation Cytoskeletal protein binding Contractile ring (sensu Saccharomyces) Bud neck 
YPR159W KRE6 Cell wall organization and biogenesis Glucosidase activity Integral to membrane Vacuole 
YOR174W MED4 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YOL135C MED7 Transciption from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YBR015C MNN2 Protein amino acid glycosylation Alpha-1,2-mannosyltransferase activity Golgi apparatus Golgi 
YDR245W MNN10 N-glycan processing Alpha-1,6-mannosyltransferase activity Alpha-1,6-mannosyltransferase complex Golgi 
YJL183W MNN11 Protein amino acid glycosylation Alpha-1,6-mannosyltransferase activity Mannosyltransferase complex Golgi 
YGL075C MPS2 Mitotic anaphase Structural constituent of cytoskeleton Nuclear membrane Spindle pole 
YKL186C MTR2 Poly A mRNA nucleus export Protein binding Nuclear pore Nuclear periphery 
YAL034W-A MTW1 Chromosome segregation Molecular function unknown MIND complex Spindle pole 
YHR023W MYO1 Cytokinesis Microfilament motor activity Contractile ring (sense Saccharomyces) Bud neck 
YOR326W MYO2 Establishment of cell polarity (sensu Fungi) Microfilament motor activity Actin cable Bud, bud neck, cell periphery, 
cytoplasm 
YOR372C NDD1 G2/M specific transcription in mitotic cell cycle Transcriptional activator activity Nucleus Nucleus and cytoplasm 
YJL076W NET1 Regulation of exit from mitosis Ribosomal DNA (rDNA) binding RENT complex Nucleolus 
YJL061W NUP82 mRNA nuclear export Structural molecule activity Nuclear pore Nuclear periphery 
YPL043W NOP4 rRNA processing RNA binding Nucleolus Nucleolus, nucleus 
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YPR168W NUT2 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus, cytoplasm 
YOR085W OST3 Protein amino acid N glycosylation Dolichyl-diphosphooligosaccharide-protein 
glycotransferase activity 
Oligasaccharide transferase complex Ambiguous 
YOR103C OST2 N-linked glycosylation Dolichyl-diphosphooligosaccharide protein 
glycotransferase activity 
Oligosaccharyl transferase complex Not visualised 
YNL102W POL1 DNA replication initiation Alpha DNA polymerase activity Alpha DNA polymerase primase complex Nucleus 
YDL055C PSA1 Cell wall mannoprotein biosynthesis Mannose 1 phosphate guanyltransferase activity Cytoplasm Cytoplasm 
YMR308C PSE1 mRNA cleavage Protein carrier activity Cytoplasm, nucleus Nucleus, cytoplasm 
YBR002C RER2 Dolichol biosynthesis Prenyltransferase activity Endoplasmic reticulum Endoplasmic reticulum 
YBL020W RFT1 N-linked glycosylation Oligosaccharide transporter activity ER Not visualised 
YER083C RMD7 Cell wall organization and biogenesis Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YGR180C RNR4 DNA replication Ribonucleoside-diphosphate reductase activity Cytoplasm Cytoplasm, nucleus 
YDL020C RPN4 Ubiquitin dependent protein catabolism Transcriptional activator activity Proteasome core complex (sensu Eukarya) Cytoplasm, nucleus 
YOR259C RPT4 Ubiquitin dependent protein catabolism ATPase activity Nucleus Nucleus 
YGL048C RPT6 Ubiquitin-dependent protein catabolism Endopeptidase activity Proteosome core complex, alpha subunit 
core complex (sensu Eukaryote) 
Nucleus 
YLR033W RSC58 Chromatin remodeling Molecular function unknown RSC complex Nucleus 
YFR037C RSC8 Chromatin remodeling Molecular function unknown Nucleus Nucleus 
YML127W RSC9 Chromatin remodeling Chromatin binding RSC complex Nucleus 
YGL028C SCW11 Cytokinesis Glucan 1,3-beta-glucosidase activity Cell wall (sensu Fungi) Ambiguous 
YLR166C SEC10 Cytokinesis Protein binding Exocyst Bud neck, bud, cell periphery 
YIR022W SEC11 Signal peptide processing Signal peptidase activity Signal peptidase complex Endoplasmic reticulum 
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YNR026C SEC12 ER to golgi transport Guanyl nucleotide exchange factor Integral to ER Endoplasmic reticulum 
YDL195W SEC31 ER to golgi transport Structural molecule activity COPII vesicle coat ER to golgi 
YLR378C SEC61 SRP dependent cotranslation protein membrane 
targeting, translocation 
Protein transporter activity Integral to ER Endoplasmic reticulum 
YOR254C SEC63 SRP dependent cotranslation protein membrane 
targeting 
Protein transporter activity Endoplasmic reticulum Endoplasmic reticulum 
YLR336C SGD1 Osmoregulation Molecular function unknown Nucleus Nucleolus 
YOR035C SHE4 Actin cytoskeleton organisation and biogenesis Myosin binding Cytoplasm Cytoplasm 
YDR489W SLD5 DNA dependent DNA replication DNA binding GINS complex Not visualised 
YLR066W SPC3 Signal peptide processing Signal peptidase activity Signal peptidase complex Endoplasmic reticulum 
YAL047C SPC72 Mitotic sister chromatid segregation Structural constituent of cytoskeleton Outer plaque of spindle pole body Spindle pole 
YDR392W SPT3 Sporulation (sensu Fungi) Transcription cofactor activity SAGA complex Nucleus 
YDL092W SRP14 SRP dependent cotranslational protein membrane 
targeting, signal sequence recognition 
Signal sequence binding Signal recognition particle (sensu Eukaroyte) Endoplasmic reticulum 
YPL210C SRP72 Protein ER targeting Signal sequence binding Signal recognition particle (sensu Eukaryota) Endoplasmic reticulum 
YPL232W SSO1 ER to golgi transport t-SNARE activity Integral to plasma membrane Lipid particle 
YBR143C SUP45 Translation termination Translation release factor activity, codon specific Cytosol, translation factor release complex Cytoplasm 
YLR182W SWI6 Meiosis Protein binding Cytoplasm Nucleus 
YPL129W TAF14 Chromatin remodeling General RNA polymerase II transcription factor 
activity 
Nucleosome remodeling complex Nucleus 
YDR167W TAF10 G1-specific transcription in mitotic cell cycle General RNA polymerase II transcription factor 
activity 
SAGA complex Nucleus 
YKR062W TFA2 Transcription initiation from Pol II promoter General RNA polymerase II transcription factor 
activity 
Transcription factor TFIIF complex Nucleus 
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YDR074W TPS2 Response to stress Trehalose-phosphatase activity Alpha,alpha-trehalose-phosphate synthase 
complex 
Cytoplasm 
YDR407C TRS120 ER to golgi transport Molecular function unknown TRAPP complex Late golgi 
YLR425W TUS1 Cell wall organization and biogenesis Rho guanyl-nucleotide exchange factor activity Cellular component unknown Not visualised 
YLR337C VRP1 Actin filament organization Actin binding Actin cortical patch (sensu Fungi) Punctate composite, actin 
YLR272C YCS4 Mitotic chromosome condensation Molecular function unknown Nuclear condensin complex Nucleus, nucleolus, cytoplasm 
YDR532C YDR532C Biological process unknown Molecular function unknown Spindle pole body Spindle pole 
YGL047W ALG13 Dolichol linked oligosaccharide biosynthesis Transferase activity Cytoplasm Endoplasmic reticulum 
YIR016W YIR016W Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
YJR011C YJR011C Biological process unknown Molecular function unknown Cellular component unknown Ambiguous 
YBR162W-A YSY6 Protein secretion Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
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Table IV: Weak cell separation defective mutants (93) identified from screening the YKO and Tet-YKO library  
 
A total of 217 strains with inactivated alleles of genes identified in the primary screen as having a cell separation defect were observed in the presence of 1 
mM EDTA or 1 mM MnCl2 to separate artefacts due to flocculation of S. cerevisiae. A total of 93 strains were found to maintain the cell separation defective 
phenotype in the presence of either 1 mM MnCl2 or 1 mM EDTA, these were defined as weak cell separation mutants. Strains derived from the Tet-YKO 
library were grown with the addition or absence of 10 g/ml doxycycline in YPD depending on the results obtained from the primary screen. GFP localisation 
data was obtained from http://yeastgfp.ucsf.edu/, biological process, molecular function and cellular component data obtained from SGD. White- Clumpy in 
the presence of 10 g/ml doxycycline, yellow- clumpy in the presence and absence of 10 g/ml doxycycline, green- clumpy in the absence of 10 g/ml 
doxycycline, and orange- derived from the YKO library. 
 
Mutated ORF Mutated Gene Biological Process Molecular Function Cellular Component Protein Localisation (by 
GFP) 
      
YBR070C ALG14 Dolichol linked oligosaccharide biosynthesis Transferase activity, transferring glycosyl groups Nuclear envelope, ER network Ambiguous 
YBR243C ALG7 N-linked glycosylation UDP N acetylglucosamine dolichyl phosphate N 
acetylglucosaminephosphotransferase activity 
Endoplasmic reticulum Not visualised 
YBR234C ARC40 Actin filament organisation Structural constituent of cytoskeleton Arp2/3 protein complex Actin 
YLR242C ARV1 Sterol transport Molecular function unknown Endoplasmic reticulum Not visualised 
YKL052C ASK1 Mitotic spindle organisation and biogenesis in 
nucleus 
Structural constituent of cytoskeleton Spindle Spindle pole 
YFL025C BST1 ER-associated protein catabolism Carboxylic ester hydrolase activity Endoplasmic reticulum Endoplasmic reticulum 
YBL084C CDC27 Mitotic spindle elongation Protein binding Anaphase promoting complex Cytoplasm, nucleus 
YDR168W CDC37 Regulation of cell cycle Unfolded protein binding Cytoplasm Cytoplasm 
YBR135W CKS1 Regulation of cell cycle Protein kinase activator activity Cytoplasm Cytoplasm, nucleus 
YPR120C CLB5 G1/S transition of mitotic cell cycle Cyclin-dependent protein kinase regulator activity Nucleus Nucleus 
YDL145C COP1 ER to golgi transport Molecular function unknown COPI vesicle coat Golgi, early golgi 
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YCR086W CSM1 DNA replication Molecular function unknown Nucleolus Nucleolus 
YDL117W CYK3 Cytokinesis Molecular function unknown Cytoplasm Bud neck and cytoplasm 
YPR183W DPM1 N-linked glycosylation Dolichyl-phosphate beta-D-mannosyltransferase activity Endoplasmic reticulum Endoplasmic reticulum 
YFL024C EPL1 Regulation of transcription from Pol II promoter Histone acetyltransferase activity Histone acetyltransferase 
complex 
Nucleus 
YNL068C FKH2 G2 specific transcription in mitotic cell cycle Transcription factor activity Nucleus Nucleus 
YDR024W FYV1 Biological process unknown Molecular function unknown Nucleus, cytoplasm Cytoplasm, nucleus 
YOR375C GDH1 Glutamate biosynthesis Glutamate dehydrogenase (NADP+) activity Cytoplasm Cytoplasm, nucleus 
YMR186W HSC82 Response to stress Unfolded protein binding Cytoplasm Cytoplasm 
YEL044W IES6 Metabolism Molecular function unknown Nucleus Nucleus 
YBR205W KTR3 Protein amino acid N-linked glycosylation Mannosyltransferase activity Membrane fraction Vacuole 
YBR199W KTR4 Protein amino acid N-linked glycosylation mannosyltransferase activity Golgi apparatus vacuole 
YOR181W LAS17  Cytokinesis Cytoskeletal protein binding Actin cortical patch Actin 
YDR062W LCB2 Sphingolipid biosynthesis Serine C-palmityoltransferase activity Serine c palmitoyltransferase 
complex 
Endoplasmic reticulum 
YER127W LCP5 rRNA modification RNA binding Small nuclear 
ribonucleoprotein complex 
Not visualised 
YER146W LSM5 Nuclear mRNA splicing via splicesome Pre mRNA splicing factor activity Small nuclear 
ribonucleoprotein complex 
Not visualised 
YKL165C MCD4 GPI anchor biosynthesis Molecular function unknown Cell wall Vacuole 
YKL150W MCR1 Ergosterol biosynthesis Cytochrome b5 reductase activity Mitochondrion inter membrane 
space 
Mitochondria 
YHR058C MED6 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Cytoplasm, nucleus 
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YIL046W MET30 Cell cycle Protein binding SCF ubiquitin ligase complex Cytoplasm, nucleus 
YPL164C MLH3 Meiotic recombination Molecular function unknown Nucleus Not visualised 
YER001W MNN1 Protein amino acid O-linked glycosylation Alpha-1,3-mannosyltransferase activity Golgi apparatus Vacuole 
YJL186W MNN5 Protein amino acid glycosylation Alpha-1,2-mannosyltransferase activity Golgi apparatus Punctate composite 
YGL257C MNT2 Protein amino acid O-linked glycosylation Alpha-1,3-mannosyltransferase activity Cellular component unknown Not visualised 
YIL106W MOB1 Regulation of exit from mitosis Kinase regulator activity Bud neck, spindle pole Cytoplasm, spindle pole 
YPL082C MOT1 Regulation of transcription from Pol II promoter ATPase activity Nuclear chromosome Nucleus 
YKR048C NAP1 Bud growth Protein binding Cytoplasm Cytoplasm 
YGL038C OCH1 N-linked glycoprotein maturation Alpha-1,6-mannosyltransferase activity Golgi cis cisterna Golgi 
YHR118C ORC6 DNA replication initiation DNA replication origin binding Nuclear origin of replication 
recognition complex 
Cytoplasm, nucleus 
YDL019C OSH2 Steroid biosynthesis Oxysterol binding Plasma membrane Punctate composite 
YML019W OST6 Protein amino acid N-linked glycosylation via 
asparagine 
Dolichyl-diphosphooligosaccharide-protein glycotransferase 
activity 
Oligosaccharyl transferase 
complex 
Not visualised 
YIR006C PAN1 Cytokinesis Protein binding, bridging Actin cortical pathway Punctate composite 
YOR122C PFY1 Actin nucleation Actin monomer binding Contractile ring (sensu 
Saccharomyces) 
Cytoplasm, nucleus 
YBR196C PGI1 Guconeogenesis Glucose-6-phosphate isomerase activity Cytosol Cytoplasm 
YOR281C PLP2 Positive regulation of transcription factor Pol II 
promoter by phermones 
GTPase inhibitor activity Cytoplasm Cytoplasm 
YBR088C POL30 Base-excision repair DNA polymerase processivity factor activity Nucleus Nucleus 
YBR055C PRP6 Nuclear mRNA splicing via splicesome Pre mRNA splicing factor activity U4/U6 x U5 tri snRPN 
complex 
Cytoplasm, nucleus 
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YKR086W PRP16 Formation of catalytic U2 type splicesome for 
second transesterification step 
ATP-dependent RNA helicase activity Spliceosome complex Cytoplasm, nucleus 
YJL078C PRY3 Biological function unknown Molecular function unknown Cell wall Endoplasmic reticulum 
YAL043C PTA1 mRNA cleavage Contributes to cleavage and polyadenylation specifcity factor mRNA cleavage factor 
complex 
Nucleus 
YPL010W RET3 Retrograde transport golgi to ER Protein binding COPI vesicle coat Punctate compate 
YMR200W ROT1 Cell wall organization and biogenesis Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YBR229C ROT2 Cell wall biosynthesis Alpha glucosidase activity Endoplasmic reticulum Not visualised 
YBL093C ROX3 Transcription from Pol II promoter RNA polymerase II transcription mediator activity* Mediator complex Nucleus 
YOR151C RPB2 Transcription from Pol II promoter DNA directed RNA polymerase activity DNA directed RNA 
polymerase II core complex 
Cytoplasm, nucleus 
YJL140W RPB4 Transcription from Pol II promoter DNA-directed RNA polymerase activity DNA-directed RNA 
polymerase II, core complex 
Nucleus 
YHR143W-A RPC10 Transcription from Pol II promoter DNA directed RNA polymerase activity DNA directed RNA 
polymerase II core complex 
Cytoplasm, nucleolus 
YDL140C RPO21 Transcription from Pol II promoter DNA directed RNA polymerase activity DNA directed RNA 
polymerase II core complex 
Nucleus 
YIL069C RPS24B Protein biosynthesis Structural constituent of ribosome Cytosolic small ribosomal 
subunit (sensu Eukarya) 
Cytoplasm 
YLR388W RPS29A Protein biosynthesis Structural constituent of ribosome Cytosolic small ribosomal 
subunit (sensu Eukarya) 
Cytoplasm 
YDL007W RPT2 Ubiquitin dependent protein catabolism ATPase activity Proteasome regulatory particle 
(sensu Eukaryote) 
Not visualised 
YER008C SEC3 Cytokinesis Protein binding Exocyst Bud neck, bud, cell 
periphery 
YDR166C SEC5 Cytokinesis Protein binding Exocyst Bud neck, bud, cell 
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periphery 
YMR079W SEC14 Golgi to plasma membrane transport Phosphatidylinosital transporter activity Cytosol Cytoplasm, nucleus 
YBR080C SEC18 ER to golgi transport ATPase activity Cytoplasm, extrinsic to plasma 
membrane 
Golgi, early golgi 
YLR440C SEC39 Secretory pathway Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YDL047W SIT4 Cell wall organization and biogenesis Protein serine/threonine phosphatase activity Cytoplasm Cytoplasm, nucleus 
YOR290C SNF2 Chromatin remodeling General RNA polymerase II transcription factor activity Nucleosome remodeling 
complex 
Nucleus 
YNL126W SPC98 Microtubule nucleation Structural constituent of cytoskeleton Spindle pole body Spindle pole, Punctate 
composite 
YOL148C SPT20 Histone acetylation Transcription cofactor activity SAGA complex Nucleus 
YBR253W SRB6 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YKL154W SRP102 SRP dependent cotranslation protein membrane 
targeting 
GTP binding Integral to ER Endoplasmic reticulum 
YPL243W SRP68 SRP dependent cotranslation protein membrane 
targeting, signal sequence recognition 
Signal sequence binding Signal recognition particle 
(sensu Eukaryote) 
Cytoplasm 
YLR452C SST2 Signal transduction GTPase activator activity Plasma membrane Cytoplasm 
YBL034C STU1 Microtubule nucleation Structural constituent of cytoskeleton Spindle pole body Spindle pole 
YNL066W SUN4 Mitochondrian organisation and biogenesis Glucosidase activity Cell wall Vacuole 
YDR146C SWI5 G1 specific transcription in mitotic cell cycle Transcripitional activator activity Cytoplasm Cytoplasm, nucleus 
YMR149W SWP1 N-linked glycosylation Dolichyl-diphosphooligosaccharide protein glycotransferase 
activity 
Oligosaccharyl transferase 
complex 
Endoplasmic reticulum 
YBR198C TAF5 G1 specific transcription in mitotic cell cycle General RNA polymerase II transcription factor activity SAGA complex Nucleus 
YGR005C TFG2 Transcription initiation from Pol II promoter General RNA polymerase II transcription factor activity Transcription factor TFIIF Not visualised 
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complex 
YHR167W THP2 mRNA-nucleus export Nucleic acid binding THO complex Cytoplasm, nucleus 
YOR295W UAF30 Transcription from Pol I promoter RNA polymerase I transcription factor activity RNA polymerase I upstream 
activating factor complex 
Nucleus, nucleolus 
YHR111W UBA4 Protein modification URM1 activating enzyme activity Cytoplasm Cytoplasm 
YBR173C UMP1 Protein catabolism Unfolded protein binding Proteasome core complex 
(sensu Eukarya) 
Cytoplasm, nucleus 
YGR090W UTP22 Processing of 20s pre rRNA Molecular process unknown Nucleus Nucleus, nucleolus 
YML115C VAN1 Protein amino acid N-linked glycosylation Mannosyltransferase activity Alpha-1,6-
mannosyltransferase complex 
Vacuole, golgi 
YGR172C YIP1 ER to golgi transport Molecular function unknown ER membrane Not visualised 
YJL123C YJL123C Biological process unknown Molecular function unknown Cytoplasm Cytoplasm, golgi, early golgi 
YJL206C YJL206C Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
YKR070W YKR070W Biological process unknown Molecular function unknown Mitochondrion Mitochondria 
YNL158W YNL158W Biological process unknown Molecular function unknown Nuclear membrane Nuclear periphery 
YNL171C YNL171C Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
YPL066W YPL066W Biological process unknown Molecular function unknown Cytoplasm Cytoplasm and bud neck 
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Table V: Cell separation mutants described to date  
The current cell separation mutants described to date including the 99 strong cell separation defective mutants and the 93 weak cell separation defective mutants identified in 
the present screen. GFP localisation data obtained from http://yeastgfp.ucsf.edu/, biological process, molecular function and cellular component data obtained from SGD. 
White- Clumpy in the presence of 10 g/ml doxycycline, yellow- clumpy in the presence and absence of 10 g/ml doxycycline, green - clumpy in the absence of 10 g/ml 
doxycycline, orange- derived from the YKO library, blue- observed by others to be clumpy but not observed to be clumpy in this screen, and red- observed by others but not 
screened in the current study (found not to be present in the YKO or Tet-YKO libraries).  
  
Mutated 
ORF 
Mutated 
Gene 
Biological Process Molecular Function Cellular Component Protein Localisation ( by 
GFP) 
      
YLR131C ACE2 G1-specific transcription in mitotic cell cycle Transcriptional activator activity Nucleus Cytoplasm, nucleus 
YBR070C ALG14 Dolichol linked oligosaccharide biosynthesis Transferase activity, transferring glycosyl groups Nuclear envelope ER network Ambiguous 
YBR243C ALG7 N-linked glycosylation UDP N acetylglucosamine dolichyl phosphate N 
acetylglucosaminephosphotransferase activity 
Endoplasmic reticulum Not visualised 
YEL036C ANP1 N-linked glycosylation Mannosyltransferase activity Mannosyltransferase complex Golgi 
YIL040W APQ12 Biological process unknown Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YNR035C ARC35 Actin cytoskeleton organisation and biogenesis Structural molecule activity Arp2/3 protein complex Actin 
YBR234C ARC40 Actin filament organisation Structural constituent of cytoskeleton Arp2/3 protein complex Actin 
YJL081C ARP4 Chromatin remodeling Chromatin binding Nucleus Nucleus 
YLR242C ARV1 Sterol transport Molecular function unknown Endoplasmic reticulum Not visualised 
YKL052C ASK1 Mitotic spindle organisation and biogenesis in nucleus Structural constituent of cytoskeleton Spindle Spindle pole 
YPL115C BEM3 Establishment of cell polarity (sensu Fungi) Signal transducer activity Intracellular Cytoplasm and bud neck 
YNL271C BNI1 Establishment of cell polarity (sensu Fungi) Cytoskeletal regulatory protein binding Bud neck Bud neck, cytoplasm 
YFL025C BST1 ER-associated protein catabolism Carboxylic ester hydrolase activity Endoplasmic reticulum Endoplasmic reticulum 
YNL161W CBK1 Cellular morphogenesis Proten kinase activity Bud Bud neck, cytoplasm 
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YLR110C CCW12 Cell wall organization and biogenesis Molecular function unknown Cell wall (sensu Fungi) Endoplasmic reticulum 
YJR076C CDC11 Cytokinesis Structural constituent of cytoskeleton Septin ring Bud neck, cell periphery 
YAR019C CDC15 Cytokinesis Protein kinase Bud neck Spindle pole ambiguous 
YBL084C CDC27 Mitotic spindle elongation Protein binding Anaphase promoting complex Cytoplasm, nucleus 
YOL139C CDC33 Regulation of cell cycle Translation initiation factor activity Cytoplasm Cytoplasm 
YDR054C CDC34 G1/S transition of mitotic cell cycle Ubiquitin conjugating enzyme reaction Nuclear ubiquitin ligase complex Cytoplasm, nucleus 
YDR168W CDC37 Regulation of cell cycle Unfolded protein binding Cytoplasm Cytoplasm 
YLR459W CDC91 Attachment of GPI anchor to protein GPI anchor transamidase activity GPI acnhor transamidase complex Not visualised 
YJL194W CDC6 Pre-replicative complex ATPase activity Pre-replicative complex Cytoplasm, nucleus 
YBR038W CHS2 Cytokinesis Chitinase synthase activity Bud neck Not visualised 
YBR135W CKS1 Regulation of cell cycle Protein kinase activator activity Cytoplasm Cytoplasm, nucleus 
YPR120C CLB5 G1/S transition of mitotic cell cycle Cyclin-dependent protein kinase regulator activity Nucleus Nucleus 
YGR167W CLC1 Vesicle mediated transport Structural molecule activity Clathrin vesicle coat Late golgi, Punctate composite 
YPR105C COG4 Intra golgi transport Molecular function unknown Golgi transport complex Early golgi 
YDL145C COP1 ER to golgi transport Molecular function unknown COPI vesicle coat Golgi, early golgi 
YCR086W CSM1 DNA replication Molecular function unknown Nucleolus Nucleolus 
YLR286C CTS1 Cytokinesis, completion of separation Chitinase activity Cell wall Vacuole 
YMR240C CUS1 Spliceosome assembly RNA binding snRNPU2 Nucleus 
YKL096W-A CWP2 Cell wall organization and biogenesis Structural constituent of the cell wall Fungal-type cell wall Endoplasmic reticulum 
YDL117W CYK3 Cytokinesis Molecular function unknown Cytoplasm Bud neck and cytoplasm 
YPR183W DPM1 N-linked glycosylation Dolichyl-phosphate beta-D-mannosyltransferase activity Endoplasmic reticulum Endoplasmic reticulum 
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YHR143W DSE2 Cell wall organization and biogenesis Glucan-1,3-beta-glucosidase activity Cell wall (sensu Fungi) Low signal 
YNR067C DSE4 Cytokinesis Glucan-1-3 beta glucosidase activity Cell septum Vacuole 
YKL048C ELM1 Protein amino acid phosphorylation Protein serine/threonine kinase activity Contractile ring (sensu Saccharomyces) Bud neck 
YFL024C EPL1 Regulation of transcription from Pol II promoter Histone acetyltransferase activity Histone acetyltransferase complex Nucleus 
YDR414C ERD1 Protein-ER retention Molecular function unknown Membrane Ambiguous 
YGR175C ERG1 Ergosterol biosynthesis Squalene monoxgenase activity Endoplasmic reticulum Endoplasmic reticulum 
YLR056W ERG3 Ergosterol biosynthetic process C-5 sterol desaturase activity Endoplasmic reticulum Endoplasmic reticulum 
YHR072W ERG7 Ergosterol biosynthesis Lanosterol synthase activity Endoplasmic reticulum Lipid particle 
YER044C ERG28 Ergosterol biosynthetic process Protein binding, bridging Endoplasmic reticulum membrane Endoplasmic reticulum 
YNL327W EGT2 Cytokinesis Cellulase activity Cell wall (sensu Fungi) Endoplasmic reticulum 
YDL166C FAP7 Processing of 20s pre rRNA Molecular function unknown Nucleus Cytoplasm, nucleus 
YIL131C FKH1 Pseudohyphal growth Transcription factor activity Nucleus Nucleus 
YNL068C FKH2 G2 specific transcription in mitotic cell cycle Transcription factor activity Nucleus Nucleus 
YDR024W FYV1 Biological process unknown Molecular function unknown Cytoplasm, nucleus Cytoplasm, nucleus 
YNL133C FYV6 Double-strand break repair via non-homologous end-
joining 
Molecular function unknown Nucleus Nucleus 
YMR307W GAS1 Cell wall organization and biogenesis 1,3 beta-glucanosyltransferase activity Fungal-type cell wall Endoplasmic reticulum, 
mitochondria, nuclear periphery 
YOR375C GDH1 Glutamate biosynthesis Glutamate dehydrogenase (NADP+) activity Cytoplasm Cytoplasm, nucleus 
YGR216C GPI1 GPI anchor biosynthesis Molecular function unknown Membrane Not visualised 
YHR188C GPI16 Signal peptide processing GPI anchor transamidase activity Integral to ER Not visualised 
YLL035W GRC3 rRNA processing Molecular function unknown Cellular component unknown Not visualised 
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YJR090C GRR1 Ubiquitin-dependent protein catabolism Protein binding Cytoplasm Not visualised 
YGL084C GUP1 Glycerol transport Glycerol transporter activity Membrane Endoplasmic reticulum 
YPL254W HFI1 Chromatin modification Transcription coactivator activity SAGA-complex Nucleus 
YJR075W HOC1 Cell wall mannoprotein biosynthesis Contributes to alpha-1,6-mannosyltransferase activity Alpha-1,6-mannosyltransferase 
complex 
Golgi 
YPL127C HHO1 Regulation of transcription, DNA-dependent DNA binding Nucleus Nucleus 
YJR055W HIT1 Biological process unknown Molecular function unknown Cytoplasm Cytoplasm, nucleus 
YPL204W HRR25 Chromosome segregation Protein kinase activity Nucleus Bud neck, cytoplasm, nucleus 
and bud 
YMR186W HSC82 Response to stress Unfolded protein binding Cytoplasm Cytoplasm 
YDR345C HXT3 Hexose transport Glucose transporter activity Plasma membrane Cell perpihery, vacuole 
YKL189W HYM1 Cytokinesis Transcriptional repressor activity Bud Nucleus and cytoplasm 
YEL044W IES6 Metabolism Molecular function unknown Nucleus Nucleus 
YHR197W IPI2 35s transcript processing Molecular function unknown Nucleoplasm, nucleus Nucleus 
YPL242C IQG1 Cytokinesis Cytoskeletal protein binding Contractile ring (sensu Saccharomyces) Bud neck 
YHR102W KIC1 Cell wall organisation and biogenesis Kinase activity Bud Cytoplasm 
YPR159W KRE6 Cell wall organization and biogenesis Glucosidase activity Integral to membrane Vacuole 
YBR205W KTR3 Protein amino acid N-linked glycosylation Mannosyltransferase activity Membrane fraction Vacuole 
YBR199W KTR4 Protein amino acid N-linked glycosylation Mannosyltransferase activity Golgi apparatus Vacuole 
YOR181W LAS17 Cytokinesis Cytoskeletal protein binding Actin cortical patch Actin 
YDR062W LCB2 Sphingolipid biosynthesis Serine C-palmityoltransferase activity Serine c palmitoyltransferase complex Endoplasmic reticulum 
YER127W LCP5 rRNA modification RNA binding Small nuclear ribonucleoprotein Not visualised 
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complex 
YER146W LSM5 Nuclear mRNA splicing via splicesome Pre mRNA splicing factor activity Small nuclear ribonucleoprotein 
complex 
Not visualised 
YNL147W LSM7 mRNA catabolic process Contributes to RNA binding Cytoplasm Cytoplasm 
YKL165C MCD4 GPI anchor biosynthesis Molecular function unknown Cell wall Vacuole 
YKL150W MCR1 Ergosterol biosynthesis Cytochrome b5 reductase activity Mitochondrion inter membrane space Mitochondria 
YOR174W MED4 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YHR058C MED6 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Cytoplasm, nucleus 
YOL135C MED7 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YIL046W MET30 Cell cycle Protein binding SCF ubiquitin ligase complex Cytoplasm, nucleus 
YPL164C MLH3 Meiotic recombination Molecular function unknown Nucleus Not visualised 
YER001W MNN1 Protein amino acid O-linked glycosylation Alpha-1,3-mannosyltransferase activity Golgi apparatus Vacuole 
YBR015C MNN2 Protein amino acid glycosylation Alpha-1,2-mannosyltransferase activity Golgi apparatus Golgi 
YJL186W MNN5 Protein amino acid glycosylation Alpha-1,2-mannosyltransferase activity Golgi apparatus Punctate composite 
YPL050C MNN9 Barrier septum formation Contributes to alpha-1,6- mannosyltransferase activity Cis-golgi network Punctate composite, golgi 
YDR245W MNN10 N-glycan processing Alpha-1,6-mannosyltransferase activity Alpha-1,6-mannosyltransferase 
complex 
Golgi 
YJL183W MNN11 Protein amino acid glycosylation Alpha-1,6-mannosyltransferase activity Mannosyltransferase complex Golgi 
YGL257C MNT2 Protein amino acid O-linked glycosylation Alpha-1,3-mannosyltransferase activity Cellular component unknown Not visualised 
YIL106W MOB1 Regulation of exit from mitosis Kinase regulator activity Bud neck, spindle pole Cytoplasm, spindle pole 
YFL034C-B MOB2 Establishment and maintenance of cell polarity Protein kinase activator activity Bud Cytoplasm, cell perhiphery 
YPL082C MOT1 Regulation of transcription from Pol II promoter ATPase activity Nucleur chromosome Nucleus 
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YGL075C MPS2 Mitotic anaphase Structural constituent of cytoskeleton Nuclear membrane Spindle pole 
YKL186C MTR2 Poly-A mRNA nucleus export Protein binding Nuclear pore Nuclear periphery 
YAL034W-A MTW1 Chromosome segregation Molecular function unknown MIND complex Spindle pole 
YML128C MSC1 Meitotic recombination Molecular function unknown Endoplasmic reticulum, mitochondrion Endoplasmic reticulum 
YHR023W MYO1 Cytokinesis Microfilament motor activity Contractile ring (sense Saccharomyces) Bud neck 
YOR326W MYO2 Establishment of cell polarity (sensu Fungi) Microfilament motor activity Actin cable Bud, bud neck, cell periphery, 
cytoplasm 
YKR048C NAP1 Bud growth Protein binding Cytoplasm Cytoplasm 
YOR372C NDD1 G2/M specific transcription in mitotic cell cycle Transcriptional activator activity Nucleus Cytoplasm, nucleus 
YJL076W NET1 Regulation of exit from mitosis Ribosomal DNA (rDNA) binding RENT complex Nucleolus 
YPL043W NOP4 rRNA processing RNA binding Nucleolus Nucleolus, nucleus 
YJL061W NUP82 mRNA nuclear export Structural molecule activity Nuclear pore Nuclear periphery 
YPR168W NUT2 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Cytoplasm, nucleus 
YGL038C OCH1 N-linked glycoprotein maturation Alpha-1,6-mannosyltransferase activity Golgi cis-cisterna Golgi 
YLR338W OP19 Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
YHR118C ORC6 DNA replication initiation DNA replication origin binding Nuclear origin of replication recognition 
complex 
Cytoplasm, nucleus 
YDL019C OSH2 Steroid biosynthesis Oxysterol binding Plasma membrane Punctate composite 
YOR103C OST2 N-linked glycosylation Dolichyl-diphosphooligosaccharide protein glycotransferase 
activity 
Oligosaccharyl transferase complex Not visualised 
YOR085W OST3 Protein amino acid N glycosylation Dolichyl-diphosphooligosaccharide-protein glycotransferase 
activity 
Oligasaccharide transferase complex Ambiguous 
YML019W OST6 Protein amino acid N-linked glycosylation via Dolichyl-diphosphooligosaccharide-protein glycotransferase Oligosaccharyl transferase complex Not visualised 
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asparagine activity 
YIR006C PAN1 Cytokinesis Protein binding, bridging Actin cortical pathway Punctate composite 
YBL022C PIM1 Proteolysis ATP-dependent peptidase activity Mitochondrion Mitochondrion 
YOR122C PFY1 Actin nucleation Actin monomer binding Contractile ring (sensu Saccharomyces) Cytoplasm, nucleus 
YBR196C PGI1 Gluconeogenesis Glucose-6-phosphate isomerase activity Cytosol Cytoplasm 
YOR281C PLP2 Positive regulation of transcription factor Pol II promoter 
by phermones 
GTPase inhibitor activity Cytoplasm Cytoplasm 
YNL102W POL1 DNA replication initiation Alpha DNA polymerase activity Alpha DNA polymerase primase 
complex 
Nucleus 
YBR088C POL30 Base-excision repair DNA polymerase processivity factor activity Nucleus Nucleus 
YBR055C PRP6 Nuclear mRNA splicing via splicesome Pre mRNA splicing factor activity U4/U6 x U5 tri snRPN complex Cytoplasm, nucleus 
YKR086W PRP16 Formation of catalytic U2 type splicesome for second 
transesterification step 
ATP dependent RNA helicase activity Spliceosome complex Cytoplasm, nucleus 
YJL078C PRY3 Biological function unknown Molecular function unknown Cell wall Endoplasmic reticulum 
YDL055C PSA1 Cell wall mannoprotein biosynthesis Mannose-1-phosphate guanyltransferase activity Cytoplasm Cytoplasm 
YMR308C PSE1 mRNA cleavage Protein carrier activity Cytoplasm, nucleus Cytoplasm, nucleus 
YAL043C PTA1 mRNA cleavage Contributes to cleavage and polyadenylation specificity 
factor 
mRNA cleavage factor complex Nucleus 
YBR002C RER2 Dolichol biosynthesis Prenyltransferase activity Endoplasmic reticulum Endoplasmic reticulum 
YPL010W RET3 Retrograde transport golgi to ER Protein binding COPI vesicle coat Punctate composite 
YBL020W RFT1 N-linked glycosylation Oligosaccharide transporter activity Endoplasmic reticulum Not visualised 
YNL090W RHO2 Cell wall organization and biogenesis GTPase activity Intracellular Cytoplasm, nucleus 
YER083C RMD7 Cell wall organization and biogenesis Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
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YGR180C RNR4 DNA replication Ribonucleoside-diphosphate reductase activity Cytoplasm Cytoplasm, nucleus 
YMR200W ROT1 Cell wall organization and biogenesis Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YBR229C ROT2 Cell wall biosynthesis Alpha glucosidase activity Endoplasmic reticulum Not visualised 
YBL093C ROX3 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YOR151C RPB2 Transcription from Pol II promoter DNA directed RNA polymerase activity DNA directed RNA polymerase II core 
complex 
Cytoplasm, nucleus 
YJL140W RPB4 Transcription from Pol II promoter DNA-directed RNA polymerase activity DNA-directed RNA polymerase II, core 
complex 
Nucleus 
YHR143W-A RPC10 Transcription from Pol II promoter DNA directed RNA polymerase activity DNA directed RNA polymerase II core 
complex 
Cytoplasm, nucleolus 
YDL020C RPN4 Ubiquitin dependent protein catabolism Transcriptional activator activity Proteasome core complex (sensu 
Eukarya) 
Cytoplasm 
YDL140C RPO21 Transcription from Pol II promoter DNA directed RNA polymerase activity DNA directed RNA polymerase II core 
complex 
Nucleus 
YIL069C RPS24B Protein biosynthesis Structural constituent of ribosome Cytosolic small ribosomal subunit 
(sensu Eukarya) 
Cytoplasm 
YLR388W RPS29A Protein biosynthesis Structural constituent of ribosome Cytosolic small ribosomal subunit 
(sensu Eukarya) 
Cytoplasm 
YDL007W RPT2 Ubiquitin dependent protein catabolism ATPase activity Proteasome regulatory particle (sensu 
Eukaryote) 
Not visualised 
YOR259C RPT4 Ubiquitin dependent protein catabolism ATPase activity Nucleus Nucleus 
YGL048C RPT6 Ubiquitin-dependent protein catabolism* Endopeptidase activity Proteosome core complex, alpha 
subunit core complex (sensu Eukaryote) 
Nucleus 
YLR033W RSC58 Chromatin remodeling Molecular function unknown RSC complex Nucleus 
YFR037C RSC8 Chromatin remodeling Molecular function unknown Nucleus Nucleus 
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YML127W RSC9 Chromatin remodelling Chromatin binding RSC complex Nucleus 
YDR388W RVS167 Bipolar cellular bud site selection Cytoskeletal protein binding Actin corical patch Actin, Punctate composite 
YGL028C SCW11 Cytokinesis Glucan-1,3-beta-glucosidase activity Cell wall (sensu Fungi) Ambiguous 
YER008C SEC3 Cytokinesis Protein binding Exocyst Bud neck, bud, cell periphery 
YDR166C SEC5 Cytokinesis Protein binding Exocyst Bud neck, bud, cell periphery 
YLR166C SEC10 Cytokinesis Protein binding Exocyst Bud neck, bud, cell periphery 
YIR022W SEC11 Signal peptide processing Signal peptidase activity Signal peptidase complex Endoplasmic reticulum 
YNR026C SEC12 ER to golgi transport Guanyl nucleotide exchange factor Integral to ER Endoplasmic reticulum 
YMR079W SEC14 Golgi to plasma membrane transport Phosphatidylinosital transporter activity Cytosol Cytoplasm, nucleus 
YBR080C SEC18 ER to golgi transport ATPase activity Cytoplasm, extrinsic to plasma 
membrane 
Golgi, early golgi 
YDL195W SEC31 ER to golgi transport Structural molecule activity COPII vesicle coat ER to golgi 
YLR440C SEC39 Secretory pathway Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
YLR378C SEC61 SRP dependent cotranslation protein membrane 
targeting, translocation 
Protein transporter activity Integral to ER Endoplasmic reticulum 
YOR254C SEC63 SRP dependent cotranslation protein membrane 
targeting 
Protein transporter activity Endoplasmic reticulum Endoplasmic reticulum 
YOR140W SFL1 Negative regulator of transcription from RNA 
polymerase II promoter 
Specific RNA polymerase II transcription factor activity Nuclear chromosome Nucleus 
YLR336C SGD1 Osmoregulation Molecular function unknown Nucleus Nucleolus 
YOR035C SHE4 Actin cytoskeleton organisation and biogenesis Myosin binding Cytoplasm Cytoplasm 
YBL058W SHP1 Proteasomal ubiquitin-dependent protein catabolic 
process 
Protein phosphatase type I regulator activity Cytoplasm, nucleus Cytoplasm, nucleus 
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YNL236W SIN4 Negative regulator of transcription from RNA 
polymerase II promoter 
RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YDL047W SIT4 Cell wall organization and biogenesis Protein serine/threonine phosphatase activity Cytoplasm Cytoplasm, nucleus 
YDR489W SLD5 DNA dependent DNA replication DNA binding GINS complex Not visualised 
YOR290C SNF2 Chromatin remodeling General RNA polymerase II transcription factor activity Nucleosome remodeling complex Nucleus 
YOR353C SOG2 Cellular morphogenesis during vegetative growth Molecular function unknown Cytoplasm Cytoplasm 
YLR066W SPC3 Signal peptide processing Signal peptidase activity Signal peptidase complex Endoplasmic reticulum 
YAL047C SPC72 Mitotic sister chromatid segregation Structural constituent of cytoskeleton Outer plaque of spindle pole body Spindle pole 
YNL126W SPC98 Microtubule nucleation Structural constituent of cytoskeleton Spindle pole body Spindle pole, punctate 
composite 
YOL148C SPT20 Histone acetylation Transcription cofactor activity SAGA complex Nucleus 
YDR392W SPT3 Sporulation (sensu Fungi) Transcription cofactor activity SAGA complex Nucleus 
YBR253W SRB6 Transcription from Pol II promoter RNA polymerase II transcription mediator activity Mediator complex Nucleus 
YCL037C SRO9 Ribosome biogenesis and assembly RNA binding Polysome Cytoplasm 
YKL154W SRP102 SRP dependent co-translation protein membrane 
targeting 
GTP binding Integral to ER Endoplasmic reticulum 
YDL092W SRP14 SRP dependent cotranslational protein membrane 
targeting, signal sequence recognition 
Signal sequence binding Signal recognition particle (sensu 
Eukaroyte) 
Endoplasmic reticulum 
YPL243W SRP68 SRP dependent cotranslation protein membrane 
targeting, signal sequence recognition 
Signal sequence binding Signal recognition particle (sensu 
Eukaryote) 
Cytoplasm 
YPL210C SRP72 Protein ER targeting Signal sequence binding Signal recognition particle (sensu 
Eukaryota) 
Endoplasmic reticulum 
YDR293C SSD1 Cell wall organisation and biogenesis RNA binding Cytoplasm Cytoplasm 
YPL232W SSO1 ER to golgi transport t-SNARE activity Integral to plasma membrane Lipid particle 
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YMR183C SSO2 ER to golgi transport t-SNARE activity Integral to plasma membrane Punctate composite, endosome 
YLR452C SST2 Signal transduction GTPase activator activity Plasma membrane Cytoplasm 
YBL034C STU1 Microtubule nucleation Structural constituent of cytoskeleton Spindle pole body Spindle pole 
YNL066W SUN4 Mitochondrian organisation and biogenesis Glucosidase activity Cell wall Vacuole 
YBR143C SUP45 Translation termination Translation release factor activity, codon specific Cytosol, translation factor release 
complex 
Cytoplasm 
YDR146C SWI5 G1 specific transcription in mitotic cell cycle Transcripitional activator activity Cytoplasm Cytoplasm, nucleus 
YLR182W SWI6 Meiosis Protein binding Cytoplasm Nucleus 
YMR149W SWP1 N-linked glycosylation Dolichyl-diphosphooligosaccharide protein glycotransferase 
activity 
Oligosaccharyl transferase complex Endoplasmic reticulum 
YPL129W TAF14 Chromatin remodeling General RNA polymerase II transcription factor activity Nucleosome remodeling complex Nucleus 
YBR198C TAF5 G1 specific transcription in mitotic cell cycle General RNA polymerase II transcription factor activity SAGA complex Nucleus 
YDR167W TAF10 G1-specific transcription in mitotic cell cycle General RNA polymerase II transcription factor activity SAGA complex Nucleus 
YIL129C TAO3 Cell budding Molecular function unknown Bud Ambiguous 
YKR062W TFA2 Transcription initiation from Pol II promoter General RNA polymerase II transcription factor activity Transcription factor TFIIF complex Nucleus 
YGR005C TFG2 Transcription initiation from Pol II promoter General RNA polymerase II transcription factor activity Transcription factor TFIIF complex Not visualised 
YHR167W THP2 mRNA-nucleus export Nucleic acid binding THO complex Cytoplasm, nucleus 
YDR074W TPS2 Response to stress Trehalose-phosphatase activity Alpha,alpha-trehalose-phosphate 
synthase complex 
Cytoplasm 
YDR407C TRS120 ER to golgi transport Molecular function unknown TRAPP complex Late golgi 
YLR425W TUS1 Cell wall organization and biogenesis Rho guanyl-nucleotide exchange factor activity Cellular component unknown Not visualised 
YOR295W UAF30 Transcription from Pol I promoter RNA polymerase I transcription factor activity RNA polymerase I upstream activating 
factor complex 
Nucleus, nucleolus 
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YHR111W UBA4 Protein modification URM1 activating enzyme activity Cytoplasm Cytoplasm 
YBR173C UMP1 Protein catabolism Unfolded protein binding Proteasome core complex (sensu 
Eukarya) 
Cytoplasm, nucleus 
YGR090W UTP22 Processing of 20s pre rRNA snoRNA binding Nucleus Nucleus, nucleolus 
YML115C VAN1 Protein amino acid N-linked glycosylation Mannosyltransferase activity Alpha-1,6-mannosyltransferase 
complex 
Vacuole, golgi 
YLR337C VRP1 Actin filament organization Actin binding Actin cortical patch (sensu Fungi) Punctate composite, actin 
YLR272C YCS4 Mitotic chromosome condensation Molecular function unknown Nuclear condensin complex Nucleus, nucleolus, cytoplasm 
YDR532C YDR532C Biological process unknown Molecular function unknown Spindle pole body Spindle pole 
YGL047W ALG13 Dolichol linked oligosaccharide biosynthesis Transferase activity Cytoplasm Endoplasmic reticulum 
YGR172C YIP1 ER to golgi transport Molecular function unknown Endoplasmic reticulum membrane Not visualised 
YIR016W YIR016W Biological process unknown Molecular function unknown Cellular component unknown Not visualized 
YJL123C YJL123C Biological process unknown Molecular function unknown Cytoplasm Cytoplasm, golgi, early golgi 
YJL206C YJL206C Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
YJR011C YJR011C Biological process unknown Molecular function unknown Cellular component unknown Ambiguous 
YKR070W YKR070W Biological process unknown Molecular function unknown Mitochondrion Mitochondria 
YLR426W YLR426W Response to drug Molecular function unknown Mitochondrion Not visualised 
YNL158W YNL158W Biological process unknown Molecular function unknown Nuclear membrane Nuclear periphery 
YNL171C YNL171C Biological process unknown Molecular function unknown Cellular component unknown Not visualised 
YPL066W YPL066W Biological process unknown Molecular function unknown Cytoplasm Cytoplasm and bud neck 
YBR162W-A YSY6 Protein secretion Molecular function unknown Endoplasmic reticulum Endoplasmic reticulum 
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Table VI: Frequency distribution of the 99 strong cell separation defective gene products of over-
represented and under-represented functional categories. The category of biological process 
unknown was the only grouping to be significantly under represented. The remaining 7 categories 
were all over-represented in the screen. a is the number of genes in the screen of the YKO and Tet-
YKO library belonging to each category. According to the GO classification of S. cerevisiae many 
genes are included in several categories. fo
b
 is the observed frequency of genes with a cell separation 
defective phenotype falling into the given category. fe
c
 is the expected frequency of genes with a cell 
separation defective phenotype falling into the given category in a random set of 99 genes. X
2
 is to 2 
decimal places, degrees of freedom is 1 and the probability is < 0.001. The threshold value of 10.83 
needs to be exceeded for significance level of 0.1% (0.001). 
Gene Ontology Function Number of genes
a
 fo
b 
fe
c 
X
2 
     
Amino acid and derivative metabolism 190 0 3 3.46 
Anatomical structure morphogenesis 133 7 2 9.12 
Aromatic compound metabolic process 61 0 1 1.11 
Biological process unknown 1453 2 26 22.60 
Cannot be mapped to a GO term 206 2 4 0.79 
Carbohydrate metabolism 146 7 3 7.50 
Cell budding 70 7 1 26.83 
Cell cycle 330 20 6 34.22 
Cell wall organisation and biogenesis 193 8 3 6.09 
Cellular homeostasis 110 0 2 2.01 
Cellular respiration 78 0 1 1.42 
Cofactor metabolic process 141 0 3 2.57 
Conjugation 102 5 2 5.62 
Cytokinesis 104 15 2 94.40 
Cytoskeletal organisation and biogenesis 192 10 3 12.76 
DNA metabolism 298 11 5 6.13 
Generation of precursor metabolites and 
energy 
142 0 3 2.59 
Heterocycle metabolic process 76 0 1 1.39 
Lipid metabolism 211 7 4 2.80 
Meiosis 117 2 2 0.00 
Membrane organisation and biogenesis 172 6 3 2.82 
Not yet annotated 29 0 1 0.53 
Nuclear organisation and biogenesis 46 2 1 1.71 
Organelle organisation and biogenesis 1229 31 22 3.75 
Protein catabolism 144 5 3 2.32 
Protein folding 65 0 1 1.18 
Protein modification 488 25 9 30.83 
Pseudohyphal growth 60 5 1 14.61 
Response to chemical stimulus 381 6 7 0.10 
Response to stress 457 13 8 2.89 
Ribosome biogenesis and assembly 272 6 5 0.27 
RNA metabolism 576 16 10 3.19 
Signal Transduction 195 3 3 0.07 
Sporulation 119 2 2 0.01 
Transcription 197 10 4 12.10 
Translation 298 2 5 2.12 
Transport 871 28 16 10.05 
Transposition 4 0 1 0.07 
Vesicle mediated transport 308 12 6 7.77 
Vitamin metabolism 80 0 1 1.46 
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Table VII: Frequency distribution of cell separation defective gene products of over-represented and 
under-represented functional categories. The GO category of biological processes unknown was the 
only grouping to be significantly under-represented. The remaining 12 categories were all over-
represented in the screen. a is the number of genes in the screen of the YKO and Tet-YKO library 
belonging to each category, according to the GO classification of S. cerevisiae many genes are 
included in several categories. fo
b
 is the observed frequency of genes with a cell separation defective 
phenotype falling into the given category. fe
c
 is the expected frequency of genes with a cell separation 
defective phenotype falling into a given category in a random set of 221 genes. X
2
 is to 2 decimal 
places, the degrees of freedom is 1, the probability is <0.001. The threshold value of 10.83 needs to 
be exceeded for a significance level 0.1% (0.001). 
 
Gene Ontology Function Number of genes
a
 fo
b 
fe
c 
X
2 
     
Amino acid and derivative metabolism 190 1 8 5.96 
Anatomical structure morphogenesis 133 20 5 42.26 
Aromatic compound metabolic process 61 0 2 2.54 
Biological process unknown 1453 10 58 41.46 
Cannot be mapped to a GO term 206 4 8 2.27 
Carbohydrate metabolism 146 9 6 1.79 
Cell budding 70 17 3 75.12 
Cell cycle 330 38 13 48.62 
Cell wall organisation and biogenesis 193 17 8 11.65 
Cellular homeostasis 110 0 4 4.58 
Cellular respiration 78 1 3 1.50 
Cofactor metabolic process 141 1 6 3.97 
Conjugation 102 7 4 2.18 
Cytokinesis 104 28 4 142.48 
Cytoskeletal organisation and biogenesis 192 23 8 31.89 
DNA metabolism 298 22 12 8.91 
Generation of precursor metabolites and 
energy 
142 2 6 2.48 
Heterocycle metabolic process 76 0 3 3.16 
Lipid metabolism 211 17 8 9.07 
Meiosis 117 5 5 0.02 
Membrane organisation and biogenesis 172 17 7 15.54 
Not yet annotated 29 4 1 7.25 
Nuclear organisation and biogenesis 46 2 2 0.01 
Organelle organisation and biogenesis 1229 71 49 10.16 
Protein catabolism 144 11 6 4.98 
Protein folding 65 2 3 0.14 
Protein modification 488 50 20 49.68 
Pseudohyphal growth 60 8 2 13.63 
Response to chemical stimulus 381 17 15 0.23 
Response to stress 457 28 18 5.41 
Ribosome biogenesis and assembly 272 10 11 0.07 
RNA metabolism 576 40 23 13.05 
Signal Transduction 195 9 8 0.19 
Sporulation 119 4 5 0.13 
Transcription 197 28 8 53.60 
Translation 298 5 12 4.18 
Transport 871 52 35 8.84 
Transposition 4 0 1 0.17 
Vesicle mediated transport 308 27 12 18.26 
Vitamin metabolism 80 1 3 1.57 
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Figure I: The amino acid sequence of Ace2. The region of Ace2 expressed in the Yeast-2-hybrid and 
E. coli protein expression system is highlighted in red; this region is homologous to the Zinc finger 
domain of the designed protein, Aart. 
 
       1  MDNVVDPWYI NPSGFAKDTQ DEEYVQHHDN VNPTIPPPDN YILNNENDDG 
      51  LDNLLGMDYY NIDDLLTQEL RDLDIPLVPS PKTGDGSSDK KNIDRTWNLG 
     101  DENNKVSHYS KKSMSSHKRG LSGTAIFGFL GHNKTLSISS LQQSILNMSK 
     151  DPQPMELINE LGNHNTVKNN NDDFDHIREN DGENSYLSQV LLKQQEELRI 
     201  ALEKQKEVNE KLEKQLRDNQ IQQEKLRKVL EEQEEVAQKL VSGATNSNSK 
     251  PGSPVILKTP AMQNGRMKDN AIIVTTNSAN GGYQFPPPTL ISPRMSNTSI 
     301  NGSPSRKYHR QRYPNKSPES NGLNLFSSNS GYLRDSELLS FSPQNYNLNL 
     351  DGLTYNDHNN TSDKNNNDKK NSTGDNIFRL FEKTSPGGLS ISPRINGNSL 
     401  RSPFLVGTDK SRDDRYAAGT FTPRTQLSPI HKKRESVVST VSTISQLQDD 
     451  TEPIHMRNTQ NPTLRNANAL ASSSVLPPIP GSSNNTPIKN SLPQKHVFQH 
     501  TPVKAPPKNG SNLAPLLNAP DLTDHQLEIK TPIRNNSHCE VESYPQVPPV 
     551  THDIHKSPTL HSTSPLPDEI IPRTTPMKIT KKPTTLPPGT IDQYVKELPD 
     601  KLFECLYPNC NKVFKRRYNI RSHIQTHLQD RPYSCDFPGC TKAFVRNHDL 
     651  IRHKISHNAK KYICPCGKRF NREDALMVHR SRMICTGGKK LEHSINKKLT 
     701  SPKKSLLDSP HDTSPVKETI ARDKDGSVLM KMEEQLRDDM RKHGLLDPPP 
     751  STAAHEQNSN RTLSNETDAL * 
 
 
Figure II: The amino acid sequence of Cbk1. The region of Cbk1 expressed in the Yeast-2-hybrid and 
E. coli expression system is highlighted in red; this region, consisting of 400 amino acids, is 
homologous to the human Rock1 protein. Regions in blue indicate a poly-Q sequence, while regions 
in green indicate a poly-S sequence.  
 
 
       1  MYNSSTNHHE GAPTSGHGYY MSQQQDQQHQ QQQQYANEMN PYQQIPRPPA 
      51  AGFSSNYMKE QGSHQSLQEH LQRETGNLGS GFTDVPALNY PATPPPHNNY 
     101  AASNQMINTP PPSMGGLYRH NNNSQSMVQN GNGSGNAQLP QLSPGQYSIE 
     151  SEYNQNLNGS SSSSPFHQPQ TLRSNGSYSS GLRSVKSFQR LQQEQENVQV 
     201  QQQLSQAQQQ NSRQQQQQLQ YQQQQQQQQQ QQHMQIQQQQ QQQQQQQQSQ 
     251  SPVQSGFNNG TISNYMYFER RPDLLTKGTQ DKAAAVKLKI ENFYQSSVKY 
     301  AIERNERRVE LETELTSHNW SEERKSRQLS SLGKKESQFL RLRRTRLSLE 
     351  DFHTVKVIGK GAFGEVRLVQ KKDTGKIYAM KTLLKSEMYK KDQLAHVKAE 
     401  RDVLAGSDSP WVVSLYYSFQ DAQYLYLIME FLPGGDLMTM LIRWQLFTED 
     451  VTRFYMAECI LAIETIHKLG FIHRDIKPDN ILIDIRGHIK LSDFGLSTGF 
     501  HKTHDSNYYK KLLQQDEATN GISKPGTYNA NTTDTANKRQ TMVVDSISLT 
     551  MSNRQQIQTW RKSRRLMAYS TVGTPDYIAP EIFLYQGYGQ ECDWWSLGAI 
     601  MYECLIGWPP FCSETPQETY RKIMNFEQTL QFPDDIHISY EAEDLIRRLL 
     651  THADQRLGRH GGADEIKSHP FFRGVDWNTI RQVEAPYIPK LSSITDTRFF 
     701  PTDELENVPD SPAMAQAAKQ REQMTKQGGS APVKEDLPFI GYTYSRFDYL 
     751  TRKNAL*  
 
 
Figure III: The amino acid sequence of Mob2. The region of Mob2 expressed in the Yeast-2-hybrid 
and E. coli expression system is highlighted in red; this region is homologous to the human Mob1 
protein. Region indicated in blue is predicted to be a transmembrane domain. 
 
 
       1  MSFFNFKAFG RNSKKNKNQP LNVAQPPAMN TIYSSPHSSN SRLSLRNKHH 
      51  SPKRHSQTSF PAQKSTPQSQ QLTSTTPQSQ QQEASERSES QQIMFLSEPF 
     101  VRTALVKGSF KTIVQLPKYV DLGEWIALNV FEFFTNLNQF YGVVAEYVTP 
     151  DAYPTMNAGP HTDYLWLDAN NRQVSLPASQ YIDLALTWIN NKVNDKNLFP 
     201  TKNGLPFPQQ FSRDVQRIMV QMFRIFAHIY HHHFDKIVHL SLEAHWNSFF 
     251  SHFISFAKEF KIIDRKEMAP LLPLIESFEK QGKIIYN*    
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Figure IV: The amino acid sequence of Sdm1. The region of Sdm1 expressed in the Yeast-2-hybrid 
and E. coli protein expression system is highlighted in red; this region gives a 5% estimated precision 
in PHYRE for the solution structure of the folded core of Pseudomona syringae effector protein, 
Avrpto. The full-length Sdm1 was also expressed in both systems because the full-length Sdm1 gives 
a 15% estimated precision in PHYRE for the solution structure of the folded core of Pseudomona 
syringae effector protein, Avrpto. 
 
 
       1  MSGTRCLLGV GLPVDVTATE TLTHDEQGPG VEPGPCSRGS SIDGLLPSLL 
      51  GPHDDVDDDS AAFHKYMTLS RDGAGAIHAP SLVEDASRND DDDDDEDDDD 
     101  SSMSRDLSKA LDMSSSSSSS PRVQSRRHRS SVSAISAILH QGKSGREDIT 
     151  GSLSVPAEQE KLSFLAKASS IFFRRNSMPR DKHTHSVCPA SRPDSERFIV 
     201  TSAAAQSLRR QQQLEDAQYA RVITNFRTIG WCSPSEIESV EYKRSLINAE 
     251  WDEKISLLSH AQCYK*  
 
Figure V: ACE2-TAP was constructed by fusing a TAP-tag to the C terminal of Ace2 via homologous 
recombination. A STOP codon was inserted directly after where the TAP cassette was cloned in (*). 
The region upstream of Ace2, +2313 to +2794 (A), was replaced with a cassette encoding TAP and 
kanMX (B) via homologous recombination (C). Genomic DNA of the constructed strain was digested 
with KpnI and XmnI and probed with a 500 bp TAP probe to confirm single integration at the correct 
site (A, C). Correct integration of the cassette will produce a band of ~ 3049 bp; no band would be 
seen for the parental strain (D). Figures in red indicate disruption of a neighbouring gene.  
 
 
 
 
D 3 kb 
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Figure VI: SDM1-TAP was constructed by fusing a TAP-tag to the C terminal of Sdm1 via 
homologous recombination. A STOP codon was inserted directly after where the TAP cassette was 
cloned in (*). The region upstream of Sdm1, +798 to +1388 (A), was replaced with a cassette 
encoding TAP and kanMX (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with XmnI and EcoRV and probed with a 500 bp TAP probe to confirm single 
integration at the correct site (A, C). Correct integration of the cassette would produce a band of ~ 
4073 bp; no band would be seen for the parental strain (D). Figures in red indicate disruption of a 
neighbouring gene.   
 
  
 
 
 
 
 
 
 
4 kb D 
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Figure VII: ACE2-GFP was constructed by fusing a GFP-tag to the C terminal of Ace2 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*). The region upstream of Ace2, +2313 to +2794 (A), was replaced with a cassette 
encoding GFP and HIS3 (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with KpnI and HindIII and probed with a 500 bp GFP probe to confirm single 
integration at the correct site (A, C). Correct integration of the cassette would produce a band of ~ 
2925 bp; no band would be seen for the parental strain (D). Correct integration was seen in lanes A-C 
(putative ACE2-GFP strains), no band was seen for the parental control (lane D) (D). Figures in red 
indicate disruption of a neighbouring gene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
D 
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Figure VIII: CBK1-GFP was constructed by fusing a GFP-tag to the C terminal of Cbk1 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*). The region upstream of Cbk1, +2271 to +2716 (A), was replaced with a cassette 
encoding GFP and HIS3 (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with EcoRV and AseI and probed with a 500 bp GFP probe to confirm single 
integration at the correct site (A, C). Correct integration of the cassette would produce a band of ~ 
4800 bp; no band would be seen for the parental strain (D). Correct integration was seen in the 
putative CBK1-GFP strain, no band was seen for the parental control (lane D) (D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
D 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Appendix I 
 
281 
 
Figure IX: KAP104-GFP was constructed by fusing a GFP-tag to the C terminal of Kap104 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*). The region upstream of Kap104, +2757 to +3071 (A), was replaced with a cassette 
encoding GFP and HIS3 (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with HindIII and probed with a 500 bp GFP probe to confirm single integration at 
the correct site (A, C). Correct integration of the cassette would produce a band of ~ 4375 bp; no 
band would be seen for the parental strain (D). Correct integration was seen in the putative KAP104-
GFP strain (lanes B, C and E); no band was seen for the parental control (lane F) or the putatives in 
lane A and D (D). Figures in red indicate disruption of a neighbouring gene.  
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Figure X: SDM1-GFP was constructed by fusing a GFP-tag to the C terminal of SDM1 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*). The region upstream of Sdm1, +798 to +1388 (A), was replaced with a cassette 
encoding GFP and HIS3 (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with XmnI and EcoRV and probed with a 500 bp GFP probe to confirm single 
integration at the correct site (A, C). Correct integration of the cassette would produce a band of ~ 
4151 bp, no band would be seen for the parental strain (D). Correct integration was seen in the 
putative SDM1-GFP strain (lanes A-D), no band was seen for the parental control (lane E) (D). 
Figures in red indicate disruption of a neighbouring gene.  
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Figure XI: CTS1-GFP was constructed by fusing a GFP-tag to the C terminal of CTS1 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*). The region upstream of Cts1, +1689 to +2033 (A), was replaced with a cassette 
encoding GFP and HIS3 (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with XmnI and SexAI and probed with a 500bp GFP probe to confirm single 
integration at the correct site (A, C). Correct integration of the cassette would produce a band of ~ 
3357 bp; no band would be seen for the parental strain (D). Correct integration was seen in the 
putative CTS1-GFP sdm1 strains (lanes B-C) and CTS1-GFP ace2 strains (lanes E-H), no band was 
seen for the parental control (lane A) and the blank (lane D) (D). Figures in red indicate disruption of a 
neighbouring gene.  
 
 
 
 
 
 
 
 
D 
3.4 kb 
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Figure XII: ACE2-GFP sdm1 was constructed by fusing a GFP-tag to the C terminal of Ace2 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*).The region upstream of Ace2, +2313 to +2794 (A), was replaced with a cassette 
encoding GFP and HIS3 (B) via homologous recombination (C). Genomic DNA of the constructed 
strain was digested with KpnI and HindIII and probed with a 500 bp GFP probe to confirm single 
integration at the correct site (A, C).Correct integration of the cassette would produce a band of ~ 
2925 bp; no band would be seen for the parental strain (D). Lane A was the parental control, while 
lanes B-D are putative ACE2-GFP sdm1 strains. Lane B was discarded from further analysis as the 
cassette was found to have integrated in more than one place in the genome.  Figures in red indicate 
disruption of a neighbouring gene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 kb 
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Figure XIII: ACE2-REDSTAR2 was constructed by fusing a REDSTAR2-tag to the C terminal of Ace2 
via homologous recombination. A STOP codon was inserted directly after where the REDSTAR2 
cassette was cloned in (*). The region upstream of Ace2, +2313 to +2794 (A), was replaced with a 
cassette encoding REDSTAR2 and NAT (B) via homologous recombination (C). Genomic DNA of the 
constructed strain was digested with XmnI and AvrII and probed with a 500bp Redstar2 probe to 
confirm single integration at the correct site (A, C). Correct integration of the cassette would produce 
a band of ~ 3909 bp, no band would be seen for the parental strain (D). Correct integration were seen 
for putative SDM1-GFP ACE2-REDSTAR2 (lanes A-C), KAP104-GFP ACE2-REDSTAR2 (lanes D-F) 
and CBK1-GFP ACE2-REDSTAR2 (lanes G-H), no band was seen for the parental control (lane I) 
(D). Figures in red indicate disruption to a neighbouring gene. 
 
 
 
 
 
 
 
D 3.9 kb 
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Figure XIV: SDM1-REDSTAR2 was constructed by fusing a REDSTAR2-tag to the C terminal of 
Sdm1 via homologous recombination. A STOP codon was inserted directly after where the 
REDSTAR2 cassette was cloned in (*).The region upstream of Sdm1, +798 to +1388 (A), was 
replaced with a cassette encoding REDSTAR2 and NAT (B) via homologous recombination (C). 
Genomic DNA of the constructed strain was digested with XmnI and EcoRV and probed with a 500bp 
Redstar2 probe to confirm single integration at the correct site (A, C). Correct integration of the 
cassette would produce a band of ~ 3938 bp, no band would be seen for the parental strain (D). 
Correct integration was seen for putative YRB2-GFP SDM1-REDSTAR2 (lane A), KAP104-GFP 
SDM1-REDSTAR2 (lanes B-C), and CBK1-GFP SDM1-REDSTAR2 (lanes D-G), no band was seen 
for the parental control (lane H) (D). Figures in red indicate disruption of a neighbouring gene.  
 
 
 
 
 
 
 
 
4 kb D 
Characterisation of the Saccharomyces cerevisiae cell separation machinery: Sdm1 and its possible role in cell 
separation – Appendix I 
 
287 
 
Figure XV: YRB2-GFP was constructed by fusing a GFP-tag to the C terminal of Yrb2 via 
homologous recombination. A STOP codon was inserted directly after where the GFP cassette was 
cloned in (*).The region upstream of Yrb2, +984 to +1631 (A), was replaced with a cassette encoding 
GFP and HIS3 (B) via homologous recombination (C). A PCR was performed to confirm insertion of 
the GFP tag (D). The fragment produced by an insertion of a GFP tag to the C terminal end of Yrb2 
by PCR is around 3 kb, while a wild-type Yrb2 strain will produce a fragment of around 1.5 kb. Lanes 
A-C are putative YRB2-GFP strains, while Lane D is the parental control (D). Lane A produced a 
similar size fragment as the control and is discarded from further analysis (D). Lane B did not produce 
a fragment, while Lane C produced the correct size fragment for a YRB2-GFP strain (D). Figures in 
red indicate disruption of a neighbouring gene. 
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Figure XVI: Codon usage adaptability of Ace2 from S. cerevisiae to P. pastoris: Grey represents less 
than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XVII: Codon usage adaptability of Ace2 from S. cerevisiae to E. coli: Grey represents less 
than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XVIII: Codon usage adaptability of the C terminal Ace2 fragment from S. cerevisiae to E. coli: 
Grey represents less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XIX: Codon usage adaptability of the Cbk1 from S. cerevisiae to P. pastoris: Grey represents 
less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XX: Codon usage adaptability of the Cbk1 from S. cerevisiae to E. coli: Grey represents less 
than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XXI: Codon usage adaptability of the C terminal fragment of Cbk1 from S. cerevisiae to E. coli: 
Grey represents less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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   Figure XXII: Codon usage adaptability of Mob2 from S. cerevisiae to P. pastoris: Grey represents 
less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XXIII: Codon usage adaptability of Mob2 from S. cerevisiae to E.coli: Grey represents less 
than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XXIV: Codon usage adaptability of the C terminal fragment of Mob2 from S. cerevisiae to 
E.coli: Grey represents less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XXV: Codon usage adaptability of Sdm1 from S. cerevisiae to P. pastoris: Grey represents 
less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XXVI: Codon usage adaptability of Sdm1 from S. cerevisiae to E. coli: Grey represents less 
than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Figure XXVII: Codon usage adaptability of the C terminal fragment of Sdm1 from S. cerevisiae to E. 
coli: Grey represents less than 20% adaptiveness, red represents less than 10% adaptiveness. 
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Appendix II 
 
Table I: List of oligonucleotides used to amplify the southern probes for southern analysis using the 
PCR DIG probe synthesis kit provided by Roche as per manufacturer’s instructions.  
Probe Sequence Strain verified 
   
Southern GFP For CCA GTT CCA TGG CCA ACC TT HH1, HH2, HH3, HH4, HH5, HH16 
Southern GFP Rev CAT ACC ATG GGT AAT ACC AG HH1, HH2, HH3, HH4, HH5, HH16 
Southern REDSTAR For GGT GCT GGT GCA ATG AGT GC HH9, HH10, HH11, HH12, HH13 
Southern REDSTAR Rev TAG CCT GGC AAT TGG ACT TG HH9, HH10, HH11, HH12, HH13 
Southern TAP For TCT CAT CCT CCG GGG CAC TT HH6, HH7 
Southern TAP Rev CTG AGA AAG CAA CCT GAC CT HH6, HH7 
Southern Sdm1 For GGC GCA GGC GCC ATC CAT GC HH4 
Southern Sdm1 Rev CCC ACT CCG CAT TGA TCA AG HH4 
 
 
Table II: List of oligonucleotides used to amplify the northern probes for northern analysis using the 
PCR DIG probe synthesis kit provided by Roche as per manufacturer’s instructions. 
Probe Sequence Strain verified 
   
Northern Cts1 For GAA GTA GGC TAT AGT GCG TT HH14, HH15 
Northern Cts1 Rev GGC AAC TGT AGT AGT GGC GG HH14, HH15 
Northern Sdm1 For GGC GCA GGC GCC ATC CAT GC HH5 
Northern Sdm1 Rev CCC ACT CCG CAT TGA TCA AG HH5 
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Table III: List of oligonucleotides used to verify the YKO library 
Name Sequence Strain verified 
   
Cts1 YKO A AAA AAC GTC TCA CTT ACC TTT C cts1 
Cts1 YKO B TCA GCA TCA GAA GAT TCA CAG T cts1 
Cts1 YKO D AAC ACA TGA AAA GTA GTA AGT cts1 
Dse2 YKO A GAT GAC AGG AAA CTC GTT AAC dse2 
Dse2 YKO B AGC AGA ACT AGA AGT CAA ACG dse2 
Dse2 YKO D AGT GGG GAA GAA TCA GTA TCC dse2 
Erg6 YKO A CTG TTG CCG ATA ACT TCT TCA T erg6 
Erg6 YKO B TAT CGG TTC TAC CAT CCC AAT T erg6 
Erg6 YKO D GGC CTG CTA GCA ATG AAC GTG erg6 
Ies6 YKO A TGC ATA GTT TAT TAG TCT GTG C ies6 
Ies6 YKO B TAG TCC TAG GTA GGA GCG TAA ies6 
Ies6 YKO D GTG GCT ATT TTG TCG ATA GAC A ies6 
Mnn2 YKO A CTA AAT AGG TTA TGC AAA CAT G mnn2 
Mnn2 YKO B GGT CCC CAT ATT CCT TAA AGT C mnn2 
Mnn2 YKO D TTT TAT TTG ATT CGA GCT TTT TCA C mnn2 
Mnn11 YKO A ATC CAG GAA GAG ATT AAC CAG CTA T mnn11 
Mnn11 YKO B ATC AAC CCT ATT TTG AAC AAT TTG A mnn11 
Mnn11 YKO D AAA AGC TTC TTC TTC TTC TTC CTT G mnn11 
Och1 YKO A TCC GAC ATA TGG AGA AGG AAT och1 
Och1 YKO B CTT GAA ATC ATC TTT GCT AGG G och1 
Och1 YKO D GTA CGG TAT CGA TTT ATC ATT G och1 
Scw11 YKO A CGA AAA CAA ATT AAG AAT CTG AGG A scw11 
Scw11 YKO B TTG TGT GGA AGT AGA CGT AGT GGT A scw11 
Scw11 YKO D TAA TCG GGC CAA ATA ATA GGA scw11 
Sdm1 YKO A TAC CGT TAA ACG TTT TAA TAT TGG C sdm1 
Sdm1 YKO B CAT ACT GAA TGC GTA TGT TTG TCT C sdm1 
Sdm1 YKO D AAT TTT GAG AAC ATG AAT AAG C sdm1 
Yjl123c YKO A ATT TGA AGT CAG CTT AGG TCT GTT G yjl123c 
Yjl123c YKO B TCT TCT ACT TTT TCG TCT TGT GCT T yjl123c 
Yjl123c YKO D GAC TGA TTT CTG TCC TTG CTA TTT G yjl123c 
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Table IV: List of oligonucleotides used to amplify the gene of interest to clone into the yeast-2-hybrid 
vectors. 
Name Sequence Plasmid constructed 
   
Ace2 Sal1 For 2H CGA GGC GTC GAC TGA TCA TGG ATA ACG TTG 
TAG ATC CG 
pHH2 and pHH15 
Ace2 Sal1 Rev 2H GCT CCG GTC GAC TCG TCA GAG AGC ATC AGT 
TTC GTT 
pHH2 and pHH15 
Cbk1 EcoRI For 2H TGA CCG GAA TTC GCA ATG TAT AAT AGC AGC 
ACC AAT 
pHH4 and pHH17 
Cbk1 BamHI Rev 2H GCG GCG GGA TCC TCC CTA CAA CGC ATT TTT 
TCT TGT 
pHH4 and pHH17 
Crm1 EcoRI For 2H TGA CCG GAA TTC AAT ATG GAA GGA ATT TTG 
GAT TTT 
pHH8 and pHH21 
Crm1 PstI Rev 2H TTT TCA CTG CAG CCT CTA ATC ATC AAG TTC 
GGA AGG 
pHH8 and pHH21 
Kap104 SmaI For 2H GGA CCT CCC GGG CAA GAT GGC ATC GAC ATG 
GAA GCC C 
pHH5 and pHH18 
Kap104 PstI Rev 2H TTT TCA CTG CAG ATT TTA GCT GGT GAA CTG 
TTG TAA 
pHH5 and pHH18 
Mob2 BamHI For 2H GGA CCT GGA TCC CTA TCA TGT CCT TCT TCA 
ACT TCA AG 
pHH3 and pHH16 
Mob2 PstI Rev 2H TTT TCA CTG CAG CCT CTA ATT ATA AAT AAT TTT 
GCC 
pHH3 and pHH16 
Sdm1 EcoRI For 2H TGA CCG GAA TTC GTA ATG AGT GGC ACG AGG 
TGT TTG 
pHH1 and pHH14 
Sdm1 SalI Rev 2H GCT CCG GTC GAC TTA TTA TTT ATA GCA TTG 
CGC GTG 
pHH1 and pHH14 
Ypi1 EcoRI For 2H TGA CCG GAA TTC AGG ATG AGT GGA AAT CAA 
ATG GCT 
pHH6 and pHH19 
Ypi1 PstI Rev 2H TTT TCA CTG CAG GCC TCA GTC CTT CTT TTC 
CTG CTG 
pHH6 and pHH19 
Yrb2 EcoRI For 2H TGA CCG GAA TTC AGC ATG AGT GAG ACC AAT 
GGT GGC 
pHH7 and pHH20 
Yrb2 SalI Rev 2H GCT CCG GTC GAC TAC TTA TTT AGG AAC GGA 
TTT AAC 
pHH7 and pHH20 
Yol036w EcoRI For 2H NNN NNN GAA TTC GTC ATG GAA CAC CAA GAT 
AGT TCG CCA CCT AGA TTC AGG AAC T 
pHH27 
Yol036w BamHI Rev 2H NNN NNN GGA TCC CCT TCA TGG GTT GTT CAA 
CTT TCC ACG GTA AAA TCG GAC ATA A 
pHH27 
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Table V: List of oligonucleotides used to amplify the fragment of the gene of interest to clone into the 
yeast-2-hybrid vectors  
Name Sequence Plasmid constructed 
   
Ace2 half Sal1 For NNN NNN GTC GAC TGA TGA AAC TAT TCG 
AGT GCT TAT A 
pHH9 and pHH22 
Ace2 half Sal1 Rev NNN NNN GTC GAC TCG TCA TGA AAG GGT 
GCG GTT CGA GT 
pHH9 and pHH22 
Cbk1 half EcoRI For NNN NNN GAA TTC ATG GCT GTA AAG TTG 
AAG ATT GA 
pHH10 and pHH23 
Cbk1 half BamHI Rev NNN NNN GGA TCC TCC CTA CAA ATA GTC 
AAA TCT GGA GT 
pHH10 and pHH23 
Mob2 half BamHI For NNN NNN GGA TCC CTA TGG TAA GAA CTG 
CTT TAG TGA A 
pHH11 and pHH24 
Mob2 half PstI Rev NNN NNN CTG CAG CCT CTA TTT GCC CTG 
TTT TTC AAA GC 
pHH11 and pHH24 
Sdm1 N term EcoRI 
For 
NNN NNN GAA TTC ATG AGT TCC ATG TCG 
CGA GAC CTA TC 
pHH13 and pHH26 
Sdm1 N term SalI Rev NNN NNN GTC GAC TTA TTA TTT ATA GCA 
TTG CGC G 
pHH13 and pHH26 
Sdm1 C term EcoRI 
For 
NNN NNN GAA TTC ATG AGT GGC ACG AGG 
TGT TT 
pHH12 and pHH25 
Sdm1 C term SalI Rev NNN NNN GTC GAC TTA GTC GTC CTC GTC 
TTC ATC AT 
pHH12 and pHH25 
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Table VI: List of plasmids constructed and used during this study for the yeast-2-hybrid screen 
Plasmid Description Source 
   
pHH1 Sdm1 cloned into pGBT9 using EcoRI and SalI This study 
pHH2 Ace2 cloned into pGBT9 using SalI This study 
pHH3 Mob2 cloned into pGBT9 using BamHI and PstI This study 
pHH4 Cbk1 cloned into pGBT9 using EcoRI and BamHI This study 
pHH5 Kap104 cloned into pGBT9 using SmaI and PstI This study 
pHH6 Ypi1 cloned into pGBT9 using EcoRI and PstI This study 
pHH7 Yrb2 cloned into pGBT9 using EcoRI and SalI This study 
pHH8 Crm1 cloned into pGBT9 using EcoRI and PstI This study 
pHH9 C terminal end of Ace2 cloned into pGBT9 using SalI This study 
pHH10 C terminal end of Cbk1 cloned into pGBT9 using 
EcoRI and BamHI 
This study 
pHH11 C terminal end of Mob2 cloned into pGBT9 using 
BamHI and PstI 
This study 
pHH12 C terminal end of Sdm1 cloned into pGBT9 using 
EcoRI and SalI 
This study 
pHH13 N terminal end of Sdm1 cloned into pGBT9 using 
EcoRI and SalI 
This study 
pHH14 Sdm1 cloned into pGAD424 using EcoRI and SalI This study 
pHH15 Ace2 cloned into pGAD424 using Sal1 This study 
pHH16 Mob2 cloned into pGAD424 using BamHI and PstI This study 
pHH17 Cbk1 cloned into pGAD424 using EcoRI and BamHI This study 
pHH18 Kap104 cloned into pGAD424 using SmaI and PstI This study 
pHH19 Ypi1 cloned into pGAD424 using EcoRI and PstI This study 
pHH20 Yrb2 cloned into pGAD424 using EcoRI and SalI This study 
pHH21 Crm1 cloned into pGAD424 using EcoRI and PstI This study 
pHH22 C terminal end of Ace2 cloned into pGAD424 using 
SalI 
This study 
pHH23 C terminal end of Cbk1 cloned into pGAD424 using 
EcoRI and BamHI 
This study 
pHH24 C terminal end of Mob2 cloned into pGAD424 using 
BamHI and PstI 
This study 
pHH25 C terminal end of Sdm1 cloned into pGAD424 using 
EcoRI and SalI 
This study 
pHH26 N terminal end of Sdm1 cloned into pGAD424 using 
EcoRI and SalI 
This study 
pHH27 Yol036w cloned into pGBT9 using EcoRI and BamHI This study 
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Table VII: List of oligonucleotides used to construct the C terminally tagged S. cerevisiae strains 
Name Sequence Strain constructed 
   
Ace2 C term For J CGC  ACG  AGC  AAA  ACT CGA ACC  GCA CCC 
TTT CAA ACG AAA CTG ATG CTC TCC GTA 
CGC TGC AGG TCG AC 
HH1, HH6, HH8, HH10, 
HH12, HH16 
Ace2 C term Rev J CTA CGG AGT CAT CCC TCG CTA TAA GAT 
CAA CCA TAC TTT CGA ATA TGT CAA TCG ATG 
AAT TCG AGC TCG 
HH1, HH6, HH8, HH10, 
HH12, HH16 
Cbk1 C term For J TTG GCT ACA CTT ACT CCA GAT TTG ACT ATT 
TGA CAA GAA AAA ATG CGT TGC GTA CGC 
CTG CAG GTC GAC 
HH2 
Cbk1 C term Rev J CGG TTG TCG AAC CTC CGC TAT CGT CTT 
CCC TGA GTT TCA TTC AGT ATC TAA TCG ATG 
AAT TCG AGC TCG 
HH2 
Cts1 C term For J GAC TCC GGC GAC TCA GTC TAT ACC CAA 
TGT AAT TTC TCT TAT TTG GAA AGC AAT TAC 
TTT CGT ACG CTG CAG GTC GAC 
HH14, HH15 
Cts1 C term Rev J AGA TCT CGT GTT TAT GCG TAC TAT TTA ACA 
CAT GAA AAG TAG TAA GTG GGC GGA ATT 
GGC TTA ATC GAT GAA TTC GGA ATT GGC 
TTA ATC GAT GAA TTC GAG CTC G  
HH14, HH15 
Kap104 C term For 
J 
CAA TAA ATT TCA CGC CCG ATG AAA TCT CCT 
TCT TAC AAC AGT TCA CCA GCC GTA CGCTGC 
AGG TCG AC 
HH3 
Kap104 C term Rev 
J 
CAG CAA GGG TAC AAT CAG CAG GGC TAC 
AAT CAG CAG GGA TAT AAC CAT TAA TCG 
ATG AAT TCG AGC TCG 
HH3 
Sdm1 C term For J CGG AGT GGG ACG AAA AGA TCT CGC TTT 
TGT CTC ACG CGC AAT GCT ATA AAC GTA 
CGC TGC AGG TCG AC 
HH4, HH7, HH9, HH11, 
HH13 
Sdm1 C term Rev J CTC CGC GAG CCG AGA AAG GGG AAG GTT 
GCC GCA ACA ACA GCA GTT GTT TAA TCG 
HH4, HH7, HH9, HH11, 
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ATG AAT TCG AGC TCG HH13 
Yrb2 C term For J GGA TGA ATT GTA TAA CAT TAT AGT TAA ATC 
CGT TCC TAA ACG TAC GCT GCA GGT CGA C 
HH5 
Yrb2 C term Rev J AGG CGG AAT CCG CAG GAT ACC GGG GAC 
TGT TGG TTT AGC GTT AAT CGA TGA ATT C 
HH5 
Continued from previous page. 
 
Table VIII: List of oligonucleotides used to check correct insertion of the C terminal tag in the 
constructed strains by colony PCR  
Name Sequence Strain verified 
   
Ace2 J check For TGA CAG CCC GCA TGA CAC AA HH1, HH6, HH8, HH10, HH12, 
HH16 
Ace2 J check Rev CGG CTG CGG GCT GTA GAA GA HH1, HH6, HH8, HH10, HH12, 
HH16 
Cbk1 J check For CGC GGT GTT GAT TGG AAT AC HH2 
Cbk1 J check Rev GCG TGT GGA ACT AGT TCA TC HH2 
Cts1 J check For GCG GCT GGT AAA TTG AAC GG HH14, HH15 
Cts1 J check Rev TGA GAA AGG TCA GGC GTT GG HH14, HH15 
Kap104 J check 
For 
GGT GTT TGT CCG TTA ACG CA HH3 
Kap104 J check 
Rev 
CGG CGG AAC CGC CGG CGA GA HH3 
Sdm1 J check For ATG TCC CGC TAG CCG CCC AG HH4, HH7, HH9, HH11, HH13 
Sdm1 J check Rev ATT GAC ATT GCA AGC AGG AA HH4, HH7, HH9, HH11, HH13 
Yrb2 J check For CGT GTT TGG TGC CGC ATC TA HH5 
Yrb2 J check Rev GGG GTC CAG CCT AGC CCG CT HH5 
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Table IX: List of oligonucleotides used to amplify the fragment of interest for protein expression in 
Pichia pastoris and E. coli 
Name Sequence Plasmid constructed 
   
Ace2 pet32 for (c term) ATT GAG GGT CGC  ATG AAA CTA TTC 
GAG TGC TTA TA 
pHH35 
Ace2 pet32 rev (c term) AGA GGA GAG TTA GAG CC TCG TCA 
TGA AAG GGT GCG GTT CGA GT 
 
pHH35 
Cbk1 pet32 for (c term end) GGT ATT GAG GGT CGC  ATG GCT 
GTA AAG TTG AAG ATT GA 
pHH32 
Cbk1 pet32 rev (c-term end) AGA GGA GAG TTA GAG CC TCC CTA 
CAA ATA GTC AAA TCT GGA GT 
pHH32 
Mob2 pet32 for (c-term) GGT ATT GAG GGT CGC ATG GTA 
AGA ACT GCT TTA GTG AA 
pHH33 
Mob2 pet32 rev (c-term) AGA GGA GAG TTA GAG CC CCT CTA 
TTT GCC CTG TTT TTC AAA GC 
pHH33 
Sdm1 pet32 for (full) GGT ATT GAG GGT CGC  ATG AGT 
GGC ACG AGG TGT TT 
pHH31 
Sdm1 pet32 for (c term end) GGT ATT GAG GGT CGC ATG AGT 
TCC ATG TCG CGA GAC CTA TC 
pHH34 
Sdm1 pet32 rev (c term end) AGA GGA GAG TTA GAG CC TTA TTA 
TTT ATA GCA TTG CGC G 
pHH31 and pHH34 
P. pastoris Cbk1 EcoRI For NNN NNN GAA TTC ATG TAT AAT AGC 
AGC ACC AAT CAT 
pHH29 
P. pastoris Cbk1 NotI Rev NNN NNN GCG GCC GCC TAC AAC 
GCA TTT TTT CTT GTC AA 
pHH29 
P. pastoris Mob2 AvrII For NNN NNN CCT AGG ATG TCC TTC TTC 
AAC TTC AAA GCA TTC GGA 
pHH30 
P. pastoris Mob2 Not1 Rev NNN NNN GCG GCC GCC TAA TTA 
TAA ATA ATT TTG CCC TGT TTT TC 
pHH30 
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P. pastoris Sdm1 EcoRI For NNN NNN GAA TTC ATG AGT GGC 
ACG AGG TGT TTG CTA 
pHH28 
P. pastoris Sdm1 NotI Rev NNN NNN GCG GCC GCT TAT TTA TAG 
CAT TGC GCG TGA G 
pHH28 
Continued from the previous page. 
 
Table X: List of plasmids made and used for protein expression in Pichia pastoris and E. coli 
Plasmid Description Source 
   
pHH28 Sdm1 cloned into pPIC9K using 
EcoRI and NotI 
This study 
pHH29 Cbk1 cloned into pPIC9K using 
EcoRI and NotI 
This study 
pHH30 Mob2 cloned into pPIC9K using 
AvrII and NotI 
This study 
pHH31 Sdm1 cloned into pET32 Xa/LIC This study 
pHH32 C terminal end of Cbk1 cloned 
into pET32 Xa/LIC 
This study 
pHH33 C terminal end of Mob2 cloned 
into pET32 Xa/LIC 
This study 
pHH34 C terminal end of Sdm1 cloned 
into pET32 Xa/LIC 
This study 
pHH35 C terminal end of Ace2 cloned 
into pET32 Xa/LIC 
This study 
 
 
 
